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Bakbkian Lrotuke The Neutron. 

By J Chadwtck, F.R.S. 

(Road May 25, 1933 Received June 27. 1933 ) 

§ 1 In an earlier paper* I showed that the radiations excited in certain light 
elements by the bombardment of a-particles consist, at least in part, of particles 
which have a mass about the same as that of the proton but which have no 
electric charge These particles, called neutrons, have some very interesting 
properties Some of the more striking were described in the paper I have 
mentioned and m those of Dr Fcatherf and Mr. Dee^ which accompamed 
it. The most obvious properties of the neutron are its ability to set in motion 
the atoms of matter through which it passes and its great penetrating power 
From measurements of the momenta transferred to different atoms the mass of 
the neutron was estimated and shown to be nearly the same as the mass of the 
proton, while the ponetratmg power shovrs that the neutron can have no nett 
electnc charge. The loss of energy of a neutron m passmg through matter is 
due to the collisions with the atomic nuclei and not with the electrons. The 
experiments of Dee showed that the pnmary ionization along the track of a 
neutron m air was less than 1 ion pair in 3 metres path, while Massey has 
calculated that it may be as low as 1 ion pair per 10‘ km This behaviour is, 
of course, very different from that of a charged particle such as a proton, 
which dissipates its energy almost entirely m electron collunons. The contrast 
between the rate of loss of energy of a proton and a neutron of the same imtial 
velodly is most striking A proton of velocity 3 x 10* cm./aeo. travels about 
1 foot m air, while a neutron of the same initial velocity will on the average 
make a close coUiskhi with a mtrogen nucleus only (moe m 300 to 400 yards' 

* Chadwick, ‘ Proo Roy. Soo A, voL 136. p. 692 (1932). 
t Feather. Ice. cA., p. 709 
tDee.loo.ea.p 727 
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patibi and it may go a distance of a few miles before losing all its energy. The 
collision of a neutron with an atomic nucleus, although much more frequent 
than with an electron, is also a rare event, for the electric field between a 
neutron and a nucleus is small except at distances of the order of 10~^ cm. 
In sudi a close collision the neutron will be deflected from its path and the 
struck nucleus may acquire sufficient energy to produce ions. Thus the 
nuclei recoding from encounters with neutrons can be detected by lonuation 
measurements, usmg an lomzation chamber with a sensitive electrometer or 
with an electrical counting apparatus, or by theiir ionised tracks when produced 
in an expansion chamber 

Neutrons can thus be detected only m an indirect way, by the observation 
of the recod atoms For this reason, and also because they are produced as a 
result of a sumlar collision process only partly under our control, the study of 
their properties m detail has proved both difficult and tedious. 

The nature and properties of the neutron are of mterest not only because of 
their novelty but because the neutron is probably a very important imit m the 
structure of matter It is now generally assumed that atomic nuclei consist of 
protons and neutrons, then, because the mass of a nucleus is always equal to 
or greater than twice its charge, there must be more neutrons m matter than 
there are protons 

In this lecture 1 shall give a bnef survey of our knowledge of the neutron 
and mdicate some directions m which progress has been made recently 

§2 Production of Neutrons .—Neutrons have been produced so far only 
by bombardmg certain elements by oc-particles The process is assumed to be 
the capture of the a-particle into the atomic nucleus with the formation of a new 
nucleus and the release of a neutron The new nucleus will thus have a nuclear 
charge two umts higher than that of the ongmal nucleus and a mass number 
three units greater. The yield of neutrons is, of oouise, very low, and com¬ 
parable to the yield of protons m the artificial transmutations by the same 
process. The greatest effect is given by beryllium, where the yield is probably 
about 30 neutrons for every million a-particles of polonium which fall on a 
thick layer of berylbnin. For the elements of much higher atomic number the 
yield IS very small, probably of the order of 1 or 2 neutrons per million a-paitadles. 
The yield can be mcrcased by luong bombarding «-particles of greater energy, 
e.g , usmg radon and its products as the source of a-particles, but here the 
y-radiations from the source may interfere with the detection of neutrons 
unless suitable precautions are taken. The elements from which neutrons 
have been obtained are lithium, beryllium, boron, fluorine, neon, sodium. 
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magnesiuni and alumminin It is probable that raoet of the elementa of 
higher atonuo number up to argon will give neutrons when a-partieles of 
sufficient energy are used 

It 18 noteworthy that, with the exceptions of helium, nitrogen, carbon and 
oxygen, all the light elements up to aluminium give neutrons, while some, e q , 
fluorme, give both neutrons and protons Both lesults can be related to 
general rules of nuclear structure * If a nucleus of mass number A and atomic 
number Z transforms by capturing an ac-particle and emitting a neutron, the 
new nucleus will have a mass A 4- ‘1 and an atomic number Z -f- 2 Now all 
known types of atomic nuclei obey the rule that A > 2Z If the new nucleus 
IS to be subject to this condition then A+3 2 (Z + 2) or A > 2Z4-1 This 

condition is not satisfied by He^*, C,** or Og'*, and we should therefore 
not expect to observe a disintegration of these nuclei with a neutron emission 
The application of this condition also forbids the emission of neutrons from 
Ncio*® and Mgj,“ The neutrons must, therefore, be ascribed to the 
other isotopes of these elements 

The eases of iluonne and alutmnium are interesting because these elements 
are both pure and yet they emit both protons and neutrons under the bom¬ 
bardment of x-particles It seems then that the nuclei F’* and Al*’ can dis¬ 
integrate in either of two ways For example, the capture of the gc-particle 
may result m the reaction Fg*® -f He,* -* Ne,g** -)- or in the reaction 
F,^* -f- He,® -*-Nau** -f forming a sodium isotope of mass 22 which 

18 certainly very rare m nature If Na“ is stable its mass must be less than 
that of No**, for otherwise the capture of a K electrou would provoke the change 
Na** -*■ Ne** with a release of energy It follows that the maximum energy of 
the neutrons liberated from fluorine should be greater than the maximum 
energy of the protons I have not yet been able to test this conclusion, for 
the yield of neutrons from fluorine is small If it should prove that the 
neutrons have a smaller energy than the protons then wo must conclude that 
the Na** nucleus is unstable and transforms into Ne** by capturmg an electron, 
enuttmg some energy in the form of radiaUon A similar argument may be 
applied to the dual transformation of aluminium which results m the formation 
of K*® and an otherwise unknown P*® 

§3. Boron and BertfiHum —^The production of neutrons from boron and 
beryllium has been mveehgated m some detail. These cases are of importance 

* The following argument has also been pointed out independently by Dr. Fbather in 
dlsonssions in this laboratory 
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becaiue m most experiments with neutrons boron and beryUium have been 
used as sources 

The element boron consists of two isotopes and When boron is 
bombarded by a-particlea both neutrons and protons are emitted. The 
application* of the arguments used above leads to the conclusion that the protons 
are emitted in the disintegration of B^“ and the neutrons from B“. The 
velocity distribution of the neutrons from boron has not been examined in 
any detail, but the experimental results are consistent with the supposition 
that the neutrons liberated from a thin layer of boron by a homogeneous beam 
of a-particles would consist of a single group of defimte velocity The velocity 
of the neutron liberated by an a-partiole of velocity 1 60 X 10* cm /sec. is 
about 2 53 X 10® cm /sec There is no indication of a y-ray emission con¬ 
nected with the neutrons f 

The dependence of the neutron emission on the velocity of the bombarding 
a-particles has been examined The source of a-particles, a silver disk coated 
with polonium, was placed in an air-tight vessel at a distance of 2 05 cm from 
the boron target. The neutrons enutted from the target were detected in an 
ionisation chamber connected to an amplifier and oscillograph To increase 
the efiect, a sheet of para&n wax was placed over the front of the ionization 
chamber Thus the deflexions of the oscillograph were due partly to mtrogen 
recoil atoms produced m the air of the chamber it-self, and partly to protons 
ejected from the paraffin wax Carbon dioxide was then admitted to the 
source vessel at a pressure of .5 cm , thus reducing the velocity of the a-particles 
sinking the boron target The number of oscillograph deflexions obtamed 
under those conditions was agam counted In this way, by successive additions 
of carbon dioxide, the variation of the emission of neutrons was found as the 
velocity of the impinging a-particies gradually decreased The reeultal are 
shown m fig 1, where the ordinates are the number of oscillograph deflexions 
observed m 30 mmutes and the absoissm are the maximum ranges of the 
a-particles incident on the boron, calculated on the assumption that the stopping 
power of carbon dioxide is 1'53 relative to air. It must be noted that this 
curve does not necessarily represent the true variation m the number of neutrons 
emitted as the range of the a-particles is vaned. The number of deflexions 

« CJ. Chadwick, Constable and Fullaid, ' Ptoo Boy. Soo A, vol 130, p 460 (1031). 

t llw y-niys of energy about 3 < 10* eleotron volte emitted from boron bombarded by 
a-partioka are oooneoted with the proton emission from B^*. 

} Similar results have been obtamed by Curie and JoUot, ‘C. R. Acad. SoL Paris.’ vol 
IM. p. 307 (1933) 
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observed in the chamber will depend not only on the number of neutrons but 
also upon their velocity , the probability of a collision between a neutron and 
a nitrogen atom in the chamber or a proton in the paraffin wax depends on 
the velocity of the neutron, and further, the slower the neutron Ibe less is liie 
energy of the recoil atoms and therefore the greater the chance that some of 
them will not give a measurable deflexion of the oscillograph. It is not possible 
at present to estimate the influence of these effects and to deduce from the 
observations of fig. 1 the true curve showing the variation in the emission of 
neutrons with the range of the bombarding a-parhcles 



Km. 1 

It appears from fig 1 that no neutrons are liberated until the range of the 
a-particles is about 1 4 cm of air As the range of the a-particles is increased 
the emission of neutrons nses to a stationary value and then mcreaaes rapidly 
as the range of the a-particles is increased firom about 2 ■ 4 cm up to tiie maximnm 
of 3*80 cm. This suggests that the a-partioles of 1*4 cm. range enter the boron 
nucleus through a resonance level, and those of 2-4 cm and greater range 
enter through and over the top of the potential barrier. The corresponding 
energies are 2*4 X 10* electron volts for the resonance level, and about 
3'7 X 10* election volts for the top of the potential barrier (or rather the 
pomt at which the a-particles begm to penetzate appreciably). 
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Since the velocity of the neutron liberated firom boron by an a-partiole of 
given velocity is known, the velocity distnbution of the neutrons emitted 
firom a thick layer of boron bombarded by polonium a-partiolee can now be 
deduced. The reeonanoe level will pve a group of neutrons of velocity about 
1'07 X 10* cm./sec , and penetration over the barrier will give neutrons with 
a continuous distnbution of velocity between 1*9 and 2*63 X 10* cm/sec 
The corrospondmg energies are 0*6 x 10* volts for the resonance group and 
1*9 and 3*36 x 10* volts for the contmuous distribution 
The excitation of neutrons from a thick layer of berylhum by a-particles of 
different ranges was exammed in a similar way, with the result shown m the 
full curve of fig 2 This curve suggests the existence of two resonance levels, 



Fro 2 

the first, through which a-partinles of 0 30 cm. range can enter the berylhum 
nucleus, and the second through which a-particles of 1*46 cm range enter 
A rapid mciease in the emission of neutrons takes place when the range of the 
a-particles is increased beyond 2 26 cm This is taken to correspond to the 
penetration through and over the top of the potential barrier. The energies 
of the resonance levels are about 1*4 x 10* and 2*6 x 10* election volts, 
and penetration through the top of the barrier begins at about 3*6 x 10 * 
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electom volts. As we should expect, the height of the potential bamer of 
beiyllinm is slightly less than that of boron. 

The ezistenoe of the resonance levels in beryllium was confirmed by observing 
the neutron emission &om a thin foil of beryUium. This was prepared by 
evaporatmg in vacuo a small piece of pure beryihum and allowing some of the 
vaporised metal to condense on a cooled copper disk. The thin layer of 
beryllium thus obtamed was not quite uniform in thickness, but it was smtable 
for the present purpose The tliick piece of beryllium used m the previous 
experiment was replaced by this thin foil, and the observations were repeated. 
The results are given m the dotted curve of fig. 2 The first resonance level 
IS only vaguely indicated in this curve, but the second level is shown clearly 
There is a very defimte decrease m the emission of neutrons from the thm foil 
when the range of the a-particles is increased from 1 *6 cm. to 2*2 cm. followed 
by a rapid nse when the x-particlcs begm to penetrate the top of the barrier 
The correspondence between this curve and that for the thick layer of beryllium 
IS not complete. The discrepancies are probably to be attributed to changes 
m the geometry of the expenmental arrangement produced when replacmg 
the thick piece of beryihum by the foil, and also to the fact that the foil is not 
uniform m thickness 

The excitation curve for a thick layer of beryllium is not very different from 
that obtained by Rasetti* and by Cune and Johot (loc. ett) in similar experi¬ 
ments, or from that found by Becker and Bothef for the excitation of y-rays from 
from beryihum bombarded by a-partioles. It is to be expected that the two 
processes—^the emission of neutrons and the emission of y-rays—should have 
similar excitation functions, for both are due to the entry of an x-particle mto 
the beryihum nucleus, and the excitation curve gives in efiect the probabihty 
of the entry of a-particles of difierent ranges. These two processes are, how¬ 
ever, more mtimately connected Becker and Bothe found that the energy 
of the y-ray is mdependent of the energy of the incident a-particle and may 
be greater than it and they pointed out that this means that the emission of 
the y-ray is not an mdependent process; it is probably related to the neutron 
emission m a manner similar to that m which the y-rays from B^** are related 
to the emission of two groups of protons. On this new, we should expect to 
find two groups of neutrons emitted from a thin foil of beryllium bombarded 
by a homogeneous beam of a-particles. Some observations suggest that this 


••Z.Phy»ik,’TOl,78,p 163(1982) 
t ‘ Z. Physik,’ toL 76, p. 421 (1932). 
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IS so. Curie, Joliot, and Savel* found that the protons ejected from paraffin 
wax by the neutrons from a thick piece of beryllium bombarded by polonium 
a-particles consist mamly of a group with maximum range about 28 cm. m 
an and a weaker group of maximum range about 70 cm. This mdicates that 
the mam group of neutrons has a maximum velocity of about 2-9 X 10* 
om./sec and that there is also a small number of neutrons with velocities up 
to about 3-8 X 10* cm /sec. Without further evidence it is not possible to 
decide how these groups are excited 

In my experiments I have exaimned the neutrons emitted from a thick layer 
of beryllium and from the thm foil The neutrons passed through a sheet of 
paraffin wax placed just in front of the face of the ionization chamber The 
ranges of the protons ejected by the neutrons from the wax were measured 
by observmg the dimmution in the nnmb<'r of protons as absorbmg foils of 
aluminium were interposed between the wax and the ionization chamber The 
protons due to the neutrons from the thin foil of beryllium consisted mainly 
of a group with a fairly well defined range of 23 cm. to 24 cm m air, 
fig. 3 There were protons present with ranges much greater than this but 



f^BSOnPTION IN CM OP PtN 


Fio 3 

their number was very small. Some indication was obtamed that the maximum 
range was at least 100 cm. m air, but the difference between the number of 
oedllograph deflexions with and without the wax was so small that the range 
of these fast protons could not be fixed. 

* * C A. Acad. Soi. Fufa.’ vol. 194, p. 2208 (1982). 
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The reanlta using a thick layer of beryllium showed again the presence of a 
group of protons of 24 cm range, and also a group of about 66 cm to 76 cm 
range, with a very doubtful indication of the presence of protons of still greater 
range. 

The conclusions to be drawn from these expenments are not very definite. 
It IS, however, certam that the neutrons liberated from beryllium by polomum 
ec-partioles of velocity 1 *6 X 10® cm /sec consist of at least two groups ; the 
slower and more intense group has a velocity of 2-8 x 10® cm/sec. (energy 
4*1 X 10* electron volts) and the faster group a velocity perhaps greater than 
4 X 10® cm./sec. (energy greater than 8 x 10* electron volts). It remains 
to be seen how these results can be fitted into the disintegration process I 
assume that the reaction is 

Be/ + He,*->C,« +V- 

The masses of all the nuclei concerneil ore now known with reasonable 
accuracy, Bainbndge’s measurement gives Be® = 9’0132, from Aston’s 
measurements. He* .= 4 00106 and C‘® = 12*0003, and the mass of the 
neutron is 1*0067 (sec §4) Assuming that energy and momentum are 
conserved, the velocity and energy of the neutron liberated by an a-particle 
of polomum (velocity = 1 60 x 10® cm /sec , energy = 6*3 X 10* electron 
volte) can be calculated Its velocity is 4 77 X 10® cm /sec and energy 11 9 X 
10* electron volts These values are much greater than any found in the 
expenments described above Neutrons of this velocity would eject protons 
with ranges up to about 150 cm m air, while the greatest ranges found for the 
protons experimentally is 70 cm , with, however, indications of ranges greater 
than 100 cm. Some evidence of the presence of neutrons of high energy has 
been obtained from the examination of oscillograph records of the deflexions 
due to recoil atoms produced in an ionization chamber. The size of a deflexion 
18 proportional, at least approximately, to the energy of the recoil atom, and 
therefore, for a given atom, proportional to the energy of the oollidmg neutron. 
Neutrons from the thin beryllium foil bombarded by polomum a-particles of 
full range were passed into an airtight ionization chamber, which was filled 
in turn with mtrogen, oxygen, and argon For each gas a large number of 
oscillograph deflexions was photographed, using the oscillograph at a con- 
vement sensitivity The examination of the records for all three gases showed 
very clearly a strong and well defined group of recoil atoms which was attributed 
to the effect of the group of neutrons of energy about 4 x 10* electron volts, 
and in addition a much weaker group cemtaining recoil atoms of high energy. 
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The maxiTniim eneigjr associated with this group was roughly three times the 
mazimum energy of the short group, that is, about 12 x 10* electron volts 
The separation of the recoil atoms mto these two groups is to some extent 
confirmed by an estimate of the number of ions correspondmg to the 
oscillograph deflexions, from which the energies of the recoil atoms can be de¬ 
duced. TMb estimation is, however, indirect and somewhat uncertam. With 
these reservations, the experiments provide fair evidence for the emission 
of neutrons of energies up to about 12 X 10* electron volts Some evidence 
has also been obtamed by Feather, who has measured the ranges of recoil 
atoms of nitrogen, oxygen, and carbon produced m an expansion chamber 
He has observed several tracks which lead to values of the neutron energy of 
about 10 X 10* electron volts Feather’s evidence is more direct and more 
trustworthy than that just given, but further data are needed before the 
maximum energy of the neutrons can be definitely ascertained 

I shall suppose for the present that the energy of the faster group of neutrons 
emitted from beryllium does in fact agree with that calculated on the hypothesis 
that the disintegration process is Be* -f Ho* -f w* and that energy and 
momentum are conserved On this view a thin foil of beryllium bombarded 
by «-particlca of velocity 1-60 X 10* cm /sec. should emit a strong group of 
neutrons with velocity 2*8 X 10* cm./sec and a weak group of velocity 
4*7 X 10* cm /sec., and a y-ntdiataon of high energy, which is mtimately 
connected with the emission of the neutrons. 

These facts can be given a descriptive explanation m terms of the following 
picture of the disintegration process. Assume that the beryllium nucleus 
consists of an a-particlc with 2 protons and 3 neutrons For some reason the 
formation of another a-particle by tho further condensation of 2 protons and 
2 neutrons cannot take place (or rather the chance of condensation is very 
small When it occurs the beryllium nucleus may break up mto two a-particles 
and a neutron). The capture of an a-partiole by the beryllium nucleus provokes 
the condensation, and usually the nuclear change takes place with the emission 
of a y-Toy and a neutron This neutron will belong to the group of lower 
velocity found experimentally, ikimetunes, however, all the energy may be 
taken by the neutron, and this reaction will correspond to the emission of the 
group of neutrons of high velocity On this view we get a residual nucleus, G**, 
consistang of three a-particles, and two groups of neutrons which should differ 
in energy by about the eneigy of the y-iaj (allowance must be made for the 
energy of the recoiling O’* nucleus) Taking the velocities given above for 
the two groups of neutrons, the energy of the y-ray should be 7 X 10* electron 
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volta. This is much higher than the value 5 a 10* eleotion volts deduoed 
Becker and Bothe from their measurements of the ranges in alummium of the 
secondaiy electrons produced by this Y-n^bation On the other hand, the 
measurements of the absorption coefficient of the radmtion suggest an energy 
rather higher than 5 million volts, and there is no doubt, from expansion 
chamber observations, that the radiation does produce some secondary electrons 
of greater energy than 5 million volts Thus Auger observed one ^ray track 
due to this radiation which had an energy of 6 <3 n 10* electron volts, v, hile 
out of 160 electron tracks measurcil by Blackett Occhialmi and myself, 10 
had energies between 3 and 7 x 10* volts Unless these were due to the 
penetrating radiation there must be some yrodiatiou emitted from beryllium 
with an energy of about the required amount On the other baud, the analysis 
of the tracks suggests that a large fraction ot the y-raduition has an energy of 
about 6 X 10* volts The evidence about the energy of the y-rays emitted 
from beryllium is unsatisfactory, but it is not detimtelv against the proposed 
scheme of dismtegration 

It 18 now possible to describe the velocity spectrum of the neutrons emitted 
from a thick layer of beryllium bombarded by polomum a-partioles. Each 
resonance level will give nse to two homogeneous groups of neutrons, the 
slower group being much stronger than the faster. The groups from the first 
level will have velocities of about 1 x 10* cm /sec and 3 92 X 10* cm./sec 
or energies of about 0 3 X 10* electron volts and about 8-0 x 10* electron 
volts.* The groups from the second level will have velocities of about 

1- 68 X 10* cm /sec and 4 18 X 10* cm./sec , corresponding to energies 
about 1-47 X 10* electron volts and 9'1 X 10® electron volts respectively 
Since general penetration through the top of the potential bamer begins when 
the a-partiole has a range of 2'25 cm., there will be a group of neutrons with 
velocities between 2'16 x 10’ and 2 8 x 10’ cm./aec., or energies between 

2- 5 and 4‘1 X 10* electron volts, and a weaker group with velocities between 
4-4 X 10’ and 4-77 X 10’ cm./8cc , and energies between 10 1 and 11 9 X 10* 
electron volts. The neutron emission from a thick layer of beryllium is thus 
relatively compheated The majority of the neutrons are contamed m the 
slow groups and the velocities given for these should be fairly accurate. It 
must be remembered that there is little direct evidence for the velocities given 
for the faster groups The values are obtained on the assumptions that the 
dismtegration {noceeds m a certam way and that energy is conserved. The 

• The group of neutrons of velocity about 3 8 x 10* cm 'sec observed from a thick 
layer of becylliuin may oorreepond to this weak resonance group 
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picture of the disiotegration process adopted here can be tested in two ways— 
by a search for the group of very fast neutrons and by measuiement of the 
energy of the y-radiation The evidence now available on these points is 
inconcluBive 

It IB possible that either or both the assumptions made above are untrue. 
It may be that the capture of an a-partiole by the beryllium nucleus results 
in a complete breakdown of the nucleus, with the emission of three a-partaoles, 
a neutron, and a y-radiation There seems, however, no reason to expect 
m such a process that the neutrons would be emitted m two defimte groups as 
appears to be the case It is perhaps possible that both processes take place, 
sometimes a C^* nucleus being formed and sometimes three a-partacles; one 
might then be able to account not only for the presence of the y-tay of energy 
about 7 X 10* volts, but also for that of about 5 X 10* volts which is suggested 
by Becker and Bothe’s measurements 

In none of the examples of artificial transmutation so far exaramed, has there 
been any reason to suspect that energy is not conserved , m some oases it is 
certam that energy is conserved withm narrow limits If it should fail m 
this particular case, one nught be tempted to suppose that the missing energy 
IS taken away by some yet undetected particle A suggestion has, mdeed, 
been made at vanous times that neutral particles of very small mass may 
exist, and it has been revived recently to overcome the diffioully of explaining 
the continuous distribution of energy among the ^-rsys expelled from a radio¬ 
active body The emission of such a particle would be very difficult to detect 
in any cases of artificial transmutations owmg to their infrequent occurrence, 
and the most favourable opportunity of findmg it appears to be offered by a 
radioactive p-ray dismtegration About two years ago Mr Tarrant kmdly 
made some measurements for me to search for this neutral radiation m the 
emission fixim radium £, but we were unable to find any evidence of it Mr. 
Lea and I have recently made a stneter examination with the same result 
We conclude from our experiments that if a neutral radiation is emitted from 
radium E to compensate for the energy distnbution of the p-rays, it must 
exinsiBt of particles of small mass and of such small magnebc moment that a 
particle cannot produce more than 1 pair of ions m 100 miles of path m aur. 

§ 4. The Maes of the Neutron,—Whde obeervations of the momenta trans¬ 
ferred in collisions of a neutron with atomic nuclei are enough to show that 
the mass of the neutron is about the same as that of the proton, the raeasure- 
ments cannot be made with precision. For an accurate estimate of the maaa 
of the neutron we must use the energy relations m a disintegration in which a 
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neatron is hbeiated from an atoimc nucleus Assuming that energy and 
momentum are conserved m the disintegration, the measurement of the 
kmetio energy of the neutrons liberated by a-partioles of known energy is 
sufficient to give the mass of the neutron if the masses of the nuclei concerned 
are known. In a previous paper I considered tlie disintegration 

The kmctic energy of the neutrons liberated from boron by x-particles of 
polomum was fotmd by measuring the maximum range of the particles ejected 
from paraffin wax Using Aston’s measurements of the masses of the nuclei, 
1 obtained a value for the mass of the neutron of I 0067 

Another value can lie deduceil from the process 

Li" f-He<-B'« f-«' 

The mass of Li" is beat obtained from the experiments of Cockcroft and Walton 
on the disintegration of lithium by fast protons The lithium nucleus captures 
a proton and breaks up into two x-particles 

Li" + H» >2He* 

Cockcroft and Walton found that the range of the x-particIes ls 8 4 cm in 
air, correspondmg to an energy of 8 7 X 10* electron volts, when protons of 
energy 300,000 volts were used This lends to a mass of 7 0133 for the la" 
nucleus. Aston’s mcasureiiieiits give 4 00106 for the mass of He* and 10 01075 
for B"® The kmetic energy of the neutrons liberated from la’ by the 
a-particlos of polomum (energy 0 00565 in mass units) has not been determmed 
It IS small, perhaps less than 0 5 X 10* volts, for the neutrons are easdy 
absorbed m a few inilluuetres of lead If we assume that the neutrons are 
omitted with zero energy we shall get a maximum value for the mass of the 
neutron. We find in this way that the muss of the neutron cannot be greater 
than 1-0070 ^ 0 0005 The uncertainty m this estimate arises mainly 
from the probable error m Aston’s measurement of B"®. 

If we assume that the hydrogen isotope of mass 2 consists of a proton 
combmed with a neutron, we can obtain a mmimum estimate for the 
mass of the neutron, for the sum of the masses of the two particles must 
be greater than the mass of the combination by an amount corresponding 
to the bmding energy The mass* of the nucleus of the H* isotope is 2*0130 
Thus the wiaaa of the neutron must be greater than 2*0130 — 1 0072, or 
• Bwnbridge, ‘ Phys Revvol. 4S, p. 108 (1983). 
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1 0058. The mass of the neutron therefore lies between 1*0068 and 1*0070. 
Proviaioiuilly we may retain the value 1 *0067 which I deduced from the boron 
difflntegration 

There can be no doubt that the maaa of the neutron is distmotly less than 
that of the hydrogen atom This is consistent with the view that the neutron 
consists of a proton and an electron The difference m mass, 0*0011, then 
represents the binding energy of the two particles and corresponds to 1 million 
electron volts. It may be significant that the change of mass corresponds to 
a change m the energy of the electron from -f me* to — me*. This argument 
from the mass is certainly m favour of the complex nature of the neutron but 
it IB by no means conclusive The most direct proof would be the observation 
of the sphttmg of the neutron into a proton and an electron m a nuclear 
lollision, but both calculation and experiment show that this must be a very 
rare event As I shall show later, some suggestion that either the neutron or 
the proton may be complex can be deduced from the collisions of neutrons 
with protons 

On the other hand, certain arguments can be advanced to support the idea 
that the neutron is an elementary particle Accordmg to the present scheme 
of quantum mechanics the hydrogen atom represents the only possible oom- 
bmation of a proton and an electron However, the bindmg energy of the 
particles IB greater than the proper mass of the electron and a relativistic 
mechanics would be reqmred to describe their interaction 

A further argument is based on the spm of the neutron This is deduced 
from the spins of the light elements on the assumption (1) that a nucleus is 
built up as far as possible of a-particles, then of protons and neutrons (no fi»e 
electrons), (2) that the nuclear spm is given by the vector sum of its com¬ 
ponents’ spins. It then appears that the neutron must have a spm ^A/27r and 
obey the Fermi statistics The proton has a spm ^hl2n and obeys Fermi 
statistics If the neutron is to be r^rded as a proton combined with an 
electron a spm of 0 and Bose statistics most be asenbed to the electron. This is 
contrary to the behaviour of a free electron The statistics and spins of the 
lighter elemraate can only be given a consistent description if we assume that 
the neutron is an elementary particle. 

A more general argument may be used. If the neutron is a proton and 
an electron why does not the hydrogen atom transform mto a neutron with 
a release of energy 1 There is ample evidence to show that such a trans¬ 
formation must be exceedingly rare. This consideration seems to me to argue 
strongly for the elementary nature of the neutron. 
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It seema neoeasazy for tiie present to recognize these difficnlties and, while 
retaining the hypothesis that the neutron is complex for some purposes, to 
regard it as an elementary unit m the structure of atomic nuclei. 

One might perhaps attempt to ofler an alternative view, that the proton is 
ihe complex particle and r^ard it as a neutron phis a positive electron. The 
mass of the proton might perhaps be less than the sum of the masses of the 
neutron and positive electron, if the mass of the neutron is near the higher 
limit given above. But the difficulty with the spm remains We should be 
forced to assume that the spm of the positive electron is 0, and then the 
annihilation of the positive electron with the n^ative becomes difficult to 
understand. 

§ 5. CdQunona of Neutrons with Atomic Nwlet .—^The clastic collisions of a 
neutron with an atomic nucleus can be briefly dosenbed in a general way 
Whatever view one takes of the nature of the neutron, its mteraction with an 
atomic nucleus will be very small except at distances of the order of 10~“ cm 
In its passage through matter the neutron will not be deflected unless it suffers 
a very mtimate collision. One may say that the scattenng of the neutrons 
will be due mainly to thomtemal field of the nucleus; the croes-section for the 
collisions will be about the same as the cross-section of the potential bamer 
of the nucleus, and the distribution of the scattered neutrons will not be 
markedly amsotropic. As I have shown in a previous paper, this view gives 
a reasonable account of the scattenng of neutrons by heavy nuclei. 

This IS, of course, only a rough picture of the collision process, but the calcu¬ 
lations of Massey* lead to much the same conclusion. Massey assumed that the 
neutron was a hydrogen atom m a nearly zero quantum state. The held of 
such a neutron will be similar to that just outside the Bohr orbit of the hydrogen 
atom but on a much reduced scale It can be represented by 



where Z, the effective nuclear charge, will be very large, and Oq is the radius of 
the first Bohr orbit of hydrogen The “ radius ” of the neutron will be aJZ. 

The field of mteraction between this neutron and a nucleus of charge Z' 
at distances greater than the nuclear radius will be Z'y(r) Now the experi¬ 
ments on the scattering of neutrons by lead show that the oolhaion radius is 
about the same as the nuclear radius, and horn this Massey was able to obtain 


‘ Proc Roy. Soc ,’ A. vol. 138, p 460 (1032) 



16 


J. Chadwick. 


a lower limit to the value of Z of 25,000 (This gives a luaxunum value of 
2 X 10"“ cm. for the radius of the ueution) 

Applying this result for Z to the collisions of a neutron with the lighter 
nuclei, he was able to show that the collisiou radu should be proportional to 
the nuclear charge This result does not correspond with experiment, which 
show that the radius varies slowly from carbon (m 3*5 X 10~^ cm ) to argon 
(ca 5-5 X 10'^* cm ) He therefore concluded that the collision areas are 
detemuned by the internal field of the nucleus, that the external interaction 
18 of such short range that the colhding systems penetrate 
The most interesting collisions of a neutron are those with a proton. The 
proton should behave as an elementary charge even at very small distances 
If there were no other interaction between a proton and a neutron but that 
given by \(r), the collision radius for these collisions must be less than 
1‘4 X 10 “cm. The disagreement with cxpenmcnt 18 startling, for the observed 
collision radius is about 4 to 5 X 10 cm for neutrons of velocity 2-7 X 10* 
cm /sec and greater still for slower neutrons Before proceeding to discuss 
the reasons for this discrepancy I will state briefly what is known about the 
neutron-proton collisions 

These collisions have not been studied m much detail owmg to expenmental 
difficulties. The most direct method would be to pass a known number of 
neutrons of definite speed mto an expansion chamber filled with hydrogen and 
to photograph the hydrogen recoil tracks This would give both the frequency 
of the collisions and the angular distnbution of the struck protons. Un¬ 
fortunately we have only very indirect methods of estimating the number of 
neutrons m a beam and the collisions ate so infrequent as to make the experi¬ 
ment exceedmgly tedious 

Some results on the angular distribution of the protons have been obtame^l 
by this method by Auger and Monod-Herzen,* and also by Kuno,t who used 
a slightly difierent arrangement. In both experiments the neutrons were 
obtamed by bombardmg a thick layer of beryllium by polomum a-particles. 
The neutrons were therefore heterogeneous, the greater part having speeds 
below 2'8 X 10* cm/sec in Auger’s experiments a large majonty of the 
recoil protons were due to collisions of slow neutrons The angular distnbution 
of the struck protons was roughly umform. Kune confined his attention to 
the protons produced by the faster neutrons but theur distnbution with angle 
was also fairly uniform relative to the centre of mass of the moving system. 

« ‘ C B. AwuL 8oi Fans,’ vol. 190, p. 1102 (1033). 
t ‘ Phys Bev..’ vol. 43, p. 672 (1033). 
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Meitner and Phillipp* have used the expansion chamber method to make an 
estimalaon of the collision radius. They a.ssumed that 30 neutrons are emitted 
from a thick foil of beryllium for every 10* a-particles of polomum incident upon 
it, and they measured the time interval in which tracks were recorded in the 
chamber by an independent expenment with a source einittmg a known number 
of «-particle8. Then from the observed frequency of the proton tracks they 
estimated that the collision radius was not less than 8x10cm. From the 
data given in their account, it would appear tliat most of the collisions were 
due to slow neutrons, of velocities around 10* cm./sec. 

My own experiments, m which electrical cuuntmg methods were used, are 
in general agreement with these The angidar distnbution of the protons was 
measured by counting the number of protons ejected from annular nngs of 
parafiin wax of different apertures The results, though rough, showed that 
the distribution with angle of the protons was approximately uniform 
Attempts to observe the angular distribution for a reasonably homogeneous 
lieam of neutrons failed, owing to the smallness of the effects 

The collision radius was determined by the method used previously. The 
neutron source was a thm foil of berylhum of about 6 mm air oqmvalent 
bombarded by polonium x-particles The neutron beam was therefore fairly 
homogeneous, the mam part consisting of particles of velocity about 2*7 x 10* 
cm /sec., with a weak group of much higher velocity. The source was fixed 
in position relative to an ionization chamber connected to an amplifier and 
oscillograph in the usual way The chamber could be evacuated and filled 
with different gases The number of deflexions was observed when the chamber 
was filled m turn with hydrogen or a heavier gas, e.g., mtrogen, oxygen, or 
argon. Each deflexion corresponds to the production of a recoil atom by the 
collision of a neutron with a nucleus. Since the number of neutrons passing 
through the chamber was the same m each case, the number of deflexions 
should be proportional to the collision area of the nucleus concerned. It was 
found that the number of deflexions m hydrogen was slightly less than the 
number m mtzogen or oxygen. The collision radius for hydrogen should 
therefore be rather less than for these nuclei. The collision radius for carbon 
was estunated by measuring the reduction m number of the deflexions observed 
in a counter when a thick block of graphite was placed in the path of the 
neutrons. The value found was about 3*6 x 10"“ cm. The collision radu 
of mtrogen and oxygen may be somewhat greater and will be taken as 4 X 10 ' “ 
cm. 

* ‘ Naturwiw ,’ vnl. 20, p 020 (1932). 
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The above companaon between hydrogen and nitrogen is subject to a small 
but uncertain error due to the fact that recoil atoms which make only a few 
ions will not bo countcxl by the oscillograph This afEects the number of 
deflexions both m hydrogen and nitrogen. The deflexions in hydrogen are 
on the whole smaller than those m nitrogen owing to the low lonizmg power of 
the proton and the low density of the gas On the other hand the energy 
transfer is smaller in the mtrogen collisions and the more distant collisions may 
not be recorded An estimate of the fraction of the hydrogen collisions which 
were not recorded in pure hydrogen was made from experiments m which 
mixtures of hydrogen and nitrogen were used in the ionization chamber, but 
it has not been possible to make a correction for the unrecorded mtrogen 
collisions. Having regard to this source of error, we may take the collision 
radius for hydrogen to be about 4 to 6 X 10 “ cm for neutrons of velocity 
2*7 X 10* cm /sec 

The same experiment was made with a neutron source consisting of a thick 
layer of boron bombarded by polonium a-particles These neutrons would 
have velocities up to about 2-5 X 10* cm /sec the average bemg probably 
rather less than 2 X 10* cm /sec The number of deflexions in hydrogen 
was now about twice the number in nitn^n, suggestmg that the collision 
radius either of hydrogen or mtrogen varies rapidly with the velocity of the 
neutron Measurements of the scattering of these slower neutrons in graphite 
and paraffin wax showed that the variation was to be asenbed mamly to 
hydrogen From the comparison with mtrogen a value of 6 X 10““ cm was 
deduced for the hydrogen collision radius, while the comparison between 
graphite and paraffin wax gave a value of about 7 X 10cm. Some experi¬ 
ments with slower neutrons suggest that the radius for the proton collisions 
contmues to increase as the velocity of the neutron decreases. 

In the consideration* of the neutron-proton coUisions we thus have to explam 
the observatums that the angular distnbution of the struck protons is roughly 
umform, and that the collision radius is very large and moroases as the velocity 
of the neutron decreases. If we assume that the hydrogen isotope of maim 2 
consists of a proton and a neutron we have a further experunimtal fact, that the 
bindmg energy of this isotope is about 10* volts. 

The wave theory of the collisions of two independent parlades gives for the 
collision cross-section 

* I am much indebted to Mr H. S. W. Wawey in thu diaousaum of the ooUiuoiu 
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where M is the reduced mass of the system, v the luitial relative velocity of the 
particles, and the S„’8 are phasi> constants dependmg on M, v and V(r), the 
interaction energy of the particles The angular distnbution per umt angle of 
the particles m a system of co-ordinates m which the centre of mass is at rest 
IS given by 

I (0) sm 0 = |2:„ («*•*- - 1) (2n + 1) P, (cos 0) |»sm 0. 

where 

Pq (cos 0) = I, Pj (cos 0) = cos 0, P, (cos 0) = J (3 cos* — 1), etc. 

The fact that the angular distribution is umform shows that only the spherical 
hormomc of zero order is important, t e , the scattenng depends mainly on the 
head-on collisions of the particles This means that the range of the neutron- 
proton interaction is small compared with 

wave-length / h \ 

27t '"~27rMo^ 

t e., the interaction range 10‘“cm (This result agrees with the previous 
calculation of the collisions of neutrons in which the neutron was likened to an 
atom with an effective nuclear charge of at least 25,000.) 

We must now examme the sigmficance of the H* isotope, assuming it to 
consist of a proton and a neutron The potential field between a neutron and 
a proton is taken as in hg. 4 V(r) is 
negligible for r > r,. From the fact that 
an energy level of energy — E0(=bmding 
energy) exists we can deduce that V(f) must 
be very great in the region r < r^, for the 
field has to bo so great as to compress a half 
wave-length into this region We have found 
that the wave-length of the incident protons 
is much greater than and their energy is 
of the same order as the bmding energy Eg 
Thus V(r) must bo > Eg or B the energy of 
the mcident protons 

The potential field of a proton and a 
neutron may be roughly likened to a very 
deep hole of small radius. It can be shown that the effect of this deep hole 
IS to make the wave function describing the collisions of a neutron and a 
proton nearly a maximum at r = rg instead of nearly aero, oorresponding to a 
phase shift of nearly 

c 2 
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Thus = ^ approximately, and Q ~ about 2 x 10"“ X v • 

Hq. cm. when v la measured m 10* cm /sec. 

The colhsion radius 2 6 X 10““/v cm. Smcc we have taken the maximum 
value of Sg this collision radius is a maxunum also It is most unlikely that {(g can 
be less than A minimum value for the collision radius can therefore be ob- 
tamed by putting Sg = Jit. The mmiinum colhsion radius is then 1 • 8 X 10““/v cm 
This result is in better accord with expenment than the previous one The 
cross-section for proton collisions is large and vanes with velocity in the way 
required On the other hand, the cross-section is now too large. Putting 
t> = 2 7 X 10* cm /sec we obtain a collision radius of nearly 10 X 10““ cm , 
certainly not less than 7 X 10~ cm, whereas the observations give rather 
less than 6 X 10"“ cm 1 do not think that the errors in the experiments can 
cover such a discrepancy, and an explanation must be sought elsewhere. 

The explanation is perhaps to be found by introducmg some type of exchange 
interaction between the neutron and proton For example, if the neutron 
consists of a proton and an electron another kmd of mtcraction between the 
proton and the neutron is possible—the change of the electron from the neutron 
to the proton and the exchange of protons. This interaction is analogous to 
that between a hydrogen atom and a proton In efiect it mtroduces a strong 
repulsive field and a strong attractive field, both of very small radius of action 
The final result is to reduce the collision cross-section by a factor depending 
upon the spm of the proton If the spm is ^h/2ir the cross-sections may now 
be not smaller than one-quarter of those given above, ».e., 

Q IS now 

“*7rMV 

21 6 X 10"** X « » cm.*, 

where v is m units of 10* cm /sec For neutrons of velocity 2*7 X 10* cm /sec. 
this gives a collision radius of about 5 x 10~“ cm in good accord with the 
experimental value • 

* The variatHHi m the orow-sectimi with the velocity of the neutrim appears to be more 
rapid than is given by the above expression. This can be explained in a more detailed 
developnient of the theoiy. It k worthy of note that thk rapid variation of the oross- 
seotirai for hydrogen oolliskms aooounts in part for the ditBoulty found m obaerving fast 
neutrons by their eieotion of protons (§3). While the oross-seotion for collisions with other 
nuclei also depends on the velocity of the neutron the decrease with increasing speed u not 
so rapid ss for hydrogen. The rapid vanatka m the oross-seotion for ooUisum also ex^ains 
the marked preponderance of short proton tracks in expansion chamber photographs, as 
observed in the experiments of Anger and ut Meitner and Fhibpp 
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It would be premature to conclude definitely that the neutron la a complex 
particle, for tbe theory of the collisions is not yot complete and the experi¬ 
mental observations are aomewliat uncertain. It seems probable, however, 
that the experiments can only be explained if there is some kind of exchange 
interaction between a neutron and a proton. The nature of this interaction 
nmy be different from what has been assumed above and it may perhaps not 
be necessary to conclude that either of the particles is complex. In this 
discussion the spins of the particles and the effects of any possible magnetic 
forces have not been considered These may ultimately prove to be sigmficant 
in these interactions 

The interaction between a neutron and a proton is of great importance in 
the theory of nuclear structure If wo assume that the atomic nuclei are built 
up from protons and neutrons then the binding forces m a nucleus are the 
interactions proton-proton, neutron-neutron, and proton-neutron The mter- 
action between two protons should lie due to Coulomb forces (negloctmg any 
magnetic forces) and it is clear, from the nature of the nuclear fields, that 
these forces play only a small part inside a nucleus, certainly in the case of 
the lighter nuclei The mteraction between two neutrons is probably small m 
comparison with the others. Thus the mteraction between a neutron and a 
proton 18 the most significant for the structure of a nucleus and governs its 
stability. 

§ 6. DtsttUegixUton by Neutrow -The majority of the collisions of neutrons 
with atomic nuclei are elastic, but occasionally melastic collisions occur. Those 
were first observed by Feather when studying the collisions of neutrons with 
mtrogen with the aid of the expansion chamber. Collisions of any kind are, 
of course, rare, but m 2000 photographs Feather obtained about 100 examples 
of recoil tracks of nitrogen obviously due to elastic colbsions, and about 30 
examples of paired tracks of quite a different type These were ascribed to 
a dismtegration of the mtrogen nucleus which has been struck by a neutron 
In about half the cases observed it appears that the neutron was captured 
and an x-particle emitted, the final nucleus being therefore the boron isotope 
of mass 11. 

This 18 , of course, the reverse of the process in which a neutron is emitted 
fhnu boron imder the bombardment of oc-particles. The mechanism of the 
dismtegration in the other cases is not yet clear. It seems probable that the 
neutron was not captured and that the ejected particle was a proton. If this 
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view Bkould prove correct, we have here the first example of a transmutation 
in which the bombarding particle is not captured 
Examples of disintegrations of mtrogen by neutrons have also been obtained 
by Meitner and Philipp (loe, nt ), by Harkins, Gans and Newson,* and by 

Kunef 

FeatherJ: has also observeil paired tracks in oxygen, in about the same pro¬ 
portion to the normal tracks of recoiling oxygen atoms as in mtrogen. In all 
the collisions obsen’ed the neutron was captured and an a-particle emitted, 
forming a nucleus C“ 

He*. 

This transmutation is of spt'cial interest, for the oxygen nuoleus appears to 
withstand bombardment both by a-particles and by protons 
He has also foimd a few examples of disintegration when neutrons were 
passed through an expansion chamber filled mainly with acetylene Some of 
these appear to be due to a small impurity of air and only two can be definitely 
ascribed to the dismtegration of carlxm. It is obvious from the results so far 
obtamcil that inelastic collisions are much less frequent in carbon than in 
nitrogen or oxygen This is, indeed, to be expected, for the transition 

-f n’ -♦Bu# -f He* 

requires a large amount of energy, about X 10* electron volts, and few of 
the neutrons from the source used by Feather (beryllium bombarded by 
a-particles of polonium) possess such an cmergy Further, if the views oxpresseil 
above about the constitution of the Be® and C‘* nuclei are correct the change 
from C** to Be* would be extremely unlikely, for an a-partide m the C** nucleus 
would have to expand from a condensed system to a looser one 
These are at present the only known examples of disintegration by neutrons 
but it 18 possible that many other elements will be transmuted in this way 
The energy relations m the disintegrations produced by neutrons present 
some uitcresting features The disintegration B”-f-He*'»-N**-f takes 
place with an absorption of kinetic energy of 1’4 x 10® electron volts. We 
should therefore expect the reverse process to take place with a liberation of 
energy of this amount. Feather showed that the me^wurements of 12 examples 
of this process corresponded in 10 to an absorption of energy, and that the 
energy change was not always the same This suggests that the dismtegration 

* ‘ Phys Rev vo) 4.% p. 208 (1933). 
t ‘ Phys Rev vd. 43, p. 771 (1033). 
t • Nature,’ vol 130, p 237 (1032) 
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takes place usually with the fonnation of an excited nucleus of B“, the residual 
energy being emitted in the form of y radiation To account for the different 
energy changes one must suppose that more than one excited state of 
IS posmble Similarly, the analysis of the oxygen disintegrations leads to the 
conclusion that nuclei of C** in ilifferent states of excitation may be formed 
In many dismtegrations with the emission of protons the reaction takes 
place usually with the formation of an excited nucleus, but there is no evidence 
for more than one excited state * It must be pointed out that the calculated 
energy changes m the neutron disiiit(‘grations are subject to errors arising 
partly m the actual measurements of the trac^ks and partly in their inter¬ 
pretation ; while it seems certain that the residual nucleus is generally formed 
in an excited state the evidence for several excited states reqiures confirmation 
§ 7 Prodtuium nf Ponittw Electrons —^.Vs I have mentioned in § 3, the 
radiation excited in beryllium by the Ixmibardraent of a-particles consists not 
only of neutrons but also of a very penetrating y-radiation, and it is sometimes 
difScult to decide whetlier the phenomena observed in experiments m which 
the beiylhum radiation is used are to be asenbed to the neutrons or the y-rays 
The most mterestmg example of this kind is the production of positive electrons, 
particles of the same mass as an electron but carrying a positive charge. The 
first evidence for the existence of positive electrons was given by the experi¬ 
ments of Andersonf «nd of Blackett and OcchiahniJ on the effects produced 
in an expansion chamber by the penetrating radiation of the atmosphere It 
seemed highly desirable to find some way of produemg positive electrons by 
more ordinary means so that the evidence could be elmched and the properties 
of the particles studied Certain observations led Blackett, Occhialim and 
myse]f§ to consider the possibility that positive electrons might be produced 
in the interaction of the beiylhum radiations and matter, 

A capsule containmg a polonium source and a piece of beryllium was placed 
outside an expansion chamber close to the wall. On the inside of the wall a 
target of lead, 2-5 cm square and 2 mni. thick, was placed. This target was 
thus exposed to the y-rays and neutrons liberated from the beryUium Expansion 
photographs were taken by a stereoscopic paur of cameras. A magnetic field, 
usually of about 800 gauss, was applied durmg the expansion , any electrons 

* Note added m proof —Booont experiments ini the dismtogration of alnmimum by 
a-partioles give ovidenoe of two excited states of the residual nucleus 
t ‘ Soieiwe,’ vol 78, p 238 (1932) 
t ‘ Proo. Roy. BooA, vol. 139, p 099 (1933). 

$ Chadwick, Blackett and Oocbialini, ‘ Natiue,’ voL 131, p. 473 (1933) 
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liberated from the target would be bent m the field, the sense of the curvature 
indicating the sign of their charge and the amount of the curvature the Hp value 
Of the electron tracks observed from the target about 200 were clearly due to 
negative electrons, but about 70 tracks showed a curvature m the opposite 
sense. There was a remote possibility that these tracks were due to negative 
electrons ejected in distant parts of the chamber and bent by the magnetic 
field so ns to end on the lead target A statistical examination of all the tracks 
oliserved in the chamber was strongly in favour of the view that the tracks 
were due to positive electrons Definite proof was obtamed in the following 
way A metal plate was placed across the expansion chamber so as to inter- 
(i*pt the path of the particles, and some photographs were obtamed m which a 
positively curved track passed through the plate, remaming in good focus 
throughout its path. The curvature of the track was less on the target side 
of the plate than on the fiirther side, showing defimtely that the particle 
travelled from the target and therefore carried a positive charge. In one case, 
the track had a curvature on the target side of the plate, a sheet of copper 
0 26 mm thick, correspondmg to a value of Hp = 12,700, on the other side 
the curvature gave a value Hp — 10,000, m another case, m which the plate 
was a sheet of aluminium 0 23 mm thick, the correspondmg values of Hp 
were 6000 and 4000. 

The observations of the ionizing power in the gas and loss of energy in the 
metal plates are consistent mth the assumption that the mass and magmtudeol 
the charge of the positive particle are the same as for the negative electron 

Similar observations have been made by Meitner and Philipp* and by Cunc 
and Joliot.t Some results of the latter workers suggest that the production of 
the positive electrons is, at least mainly, to be ascribed to the y-radiation from 
berylhum and not the neutrons 

That a y-radiatiou can produce positive electrons has been shown m further 
expenmentsj wo have made, in which the berylhum source was replaced by 
a very weak source of thonuiii active deposit, enclosed m a lead block, 1 era. 
thick. In these expenmonts the lead target was bombarded by y-radiation 
alone, the strongest component in the radiation being a ray of Av = 2-62 x 10* 
electron volts. Expansion photographs were taken as before, with a metal 
plate across the chamber to indicate the direction of the particles. Among 
about 1200 tracks of negative electrons, about 60 tracks due to positive 

• ‘ Naturwui.,’ vol 21. p. 288 (1933). 

t ‘C R Acad Soi. Pans,' roL 196, p. 1100 (1933). 

t Also in exponmeota by Anderson,' Soienoe,’ vol. 77, p. 4S2 (1933) 



The Neutron, 


25 


electrons have been oliserved. These must certainly be ascribed to the action 
of a Y-radiation, very probably to the strong y-ray of hv ~ 2 •62x10* electron 
volts The ratio of positive to negative electrons is much lower than that 
observed with the beryllium radiations On th<^ hypothesis, first suggested by 
Blackett and Occhialini, that a negative and a positive electron may be created 
simultaneously in some interaction of a y-ray and the electric field of an atomic 
nucleus, it is not unlikely that the effect will increase very rapidly with the 
energy of the y-ray, as the above observations suggest The creation of the 
two electrons will require an energy of 1 02 X 10* electron volts, so that 
the energy of a positive electron produced by the y-ray of Av = 2-62 X 10* 
electron volts should never be great(*r than 1*60 X 10* electron volts. 

The measurements of the energy distribution of the positive electrons are 
in agreement with this hypothesis of their origin, and m a few cases, both 
with the thorium active deposit and with the beryllium source, a negative 
track appeared to be associated with the positive The evidence, however, 
IS not yet sufficient to decide how the positive electrons are produced. 

Some observations have been made usmg a source of boron exposed to 
polomum a-particles. The target was thus bombarded by the neutrons 
bberated in the dismtegration of and by the y-radiation accompanying the 
proton emission from B^*. The energy of this y-rsdiation is rather less than 
3 X 10* electron volts, so that the ratio of the number of positive to the 
number of negative electrons should have been of the same order as found in 
the experiments with thorium active deposit, ».e., 1 to 25 Actually the 
fraction of positive electrons was much higher than this, but the total number 
of electrons observed in the experiments was small It seems likely that 
positive electrons can be produced not only by the action of y-rays but also by 
neutrons, but more information is roqmred before a defimte decision can be 
made. 



AbsorptMn Spectra of Burning Hydrocarbons 

By A. Egkrton, F R S. and L. M Pidoeon, Clarendon Laboratory, 
Oxford. 

(Receivfd March 24, 1933—Revised June 7, 1933 ) 

[PlATK I 1 

There is much yet to learn about the manner m which various hydren-arbona 
bum 

The methods employed to gam information on the subject up to the present 
have been chiefly chemical, for instance, the estimation of the nmoimt of 
products formed at different temperatures. 

It was hoj[)od tliat n different method might divulge new facts The idea 
was to pass a beam of ultra-violet light along a tube through which a mixture 
of combustible gas was jiaasi'il at such temperatures that combustion was just 
commencing, and to observe by a spectrograph the changes m the absorption 
of the light Although for the combustion of hydrocarbons there is an essential 
difficulty, because the products of initial stages of the reaction are likely to 
be masked by the accumulation of the end products, yet certain interesting 
facets have been discovered, which it is the purpose of this commiuueation 
to record The experiments are of a preliminary character designed to 
test m what directions the method can yield useful information about 
combustion 


Experttnealal DelotU 

Ultra-violet light from a large and powerful water-cooled hydrogen source, 
givmg a continuous spectrum, was directed through quarts wmdows along a 
P3nrex tube (1 m. long by 7 mm), and photographed with a quartz prism spectro¬ 
graph (Hilger E 31) A mixture of hydrocarbon vapour and air (or mtrogen, 
etc ) was passed through the tube. The rate and proportion of an and vapour 
were controlled by flow meters. In the case of hqmd hydrocarbons, the vapour 
was obtained from the hqmd in a glass vaporizer immersed in a bath at a 
definite temperature, the tube between the vaporizer and the long tube was 
kept warm by an electncally heated coil of wire to prevent condensation. 
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The long tube was mamtMned at an approicunately unifonn temperature 
throughout its length by surrounding it with a well lagged, electrically heated, 
copper tube furnace, provided with thermocouples m three positions along the 
length of the tube The lines in the spectrum of the light from a quartz 
mercury lamp served to establish the position of the absorption bands on the 
plate Little attempt was made to employ high dispersion, or photometric 
methods, as the method was used rather as a qualitative test than as a means 
of studying the nature of the band spettru obtained An exposure of 2 minutes 
was found to be sufficient, and was adhered to throughout most of the work 
Various tests showed that the thermal reactions were not appreciably altered 
by the photochemical effects of the light absorbed 

Arrangemnd of Results 

The hydiwiarlsin vapours of the paraffin senes themselves do not 
absorb in the ultra-violet n>gions of greater wave-length than about X 2000, 
and their absorption does not therefore interfere with that found for the 
products of combustion which mainly consists in general absorption beyond 
about X2300, and absorption bands m the region X 2800-3580 The 
general absorption beyoml 2300 will be alluded to as “ extinction ” m what 
follows 

There is no object m giving in detail the results of 500 or more different 
exposures taken under a \ .iriety of conditions, therefore only a summary 
will be attempted. 

It IS first necessary to describe the nature of the absorption for those individual 
substances which may be fornuHl <lurmg the combustion of a hydrocailion, or 
which are of interest in studjing that process —this is done in § A § B will 
indicate the character of the absorption due to the combustion of different 
hydrocarbons under vanous conditions § C will give further details of the 
investigation of the origm of the “ extinction,” and § D results of other special 
tests 


§ A Absorption by Vanous Vapours 

During the combustion of a hydrocarbon, alcohols, aldehydes, acids, un¬ 
saturated hydrocarbons, peroxides, etc , may be formed, the absorption of the 
vapour of some of these types of compound were therefore noted first in 
mtrogen, and then in presence of air in the heated tube.* 


♦ Cf Purvis, • J Ohem S«>o iao»-191fi 
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Abtorptum by Aldehyde Vapours (Tlie aldehydes from Kahlbaum or 
B D H , redistilled, and punty tested by boiling point.) The aldehydes— 
valcraldehyde, butyraldchyile, propionaldehyde or acetaldehyde—showed 
hardly any extinction at the far end of the spectrum when introduced along 
with air, the furnace lieing cold, or even with nitrogen when heated. Strong 
absorption occurs m the region X 2600-3300 (maximum about 2900), co ns isti n g 
of a number of very hazy bands, about five heads of bands are usually distmctly 
visible 

Acetaldehyde vapour exhibited a somewhat different absorption spectrum 
with numerous hands The concentration of the aldehyde must not bo more 
than about 2%, otherwise only a continuous absorption is visible m the region 
2860-3600, which extends m either direction as the concentration mcreases. 

In pure nitrogen the temperature could be taken far above the temperature 
at which combustion would commence m air, without the “ extinction,” or 
change m the hazy bands, bcconiing noticeable—for instance, when propion- 
aldehyde was heated m nitrogen to 426° (’, the onlj appreciable difference was 
that the bands became more chffuse 

On the other hand, when a trace of oxygen was present, or when the aldehyde 
was introduced along with air, combustion occurred, and the heads of the baiuls 
became sharpened. The senes of bands obtained was identifiable with those 
of formaldehyde vapour,* but extmction also occurred at the far end of the 
spectrum. For instance, m the case of valcraldehyde there was slight extmction, 
and no formaldehyde bands were visible at 230° C , but considerable extinction 
and formaldehyde bands at 290° C , when combustion was more rapid, fig. 6, 
Plate l.t 

On passing the vapour of 40% formaldehyde solution along with air through 
the tube at 200° C, no extmction occurred, but faint bands oharaoterutic 
of fonnaldchyde made their appearance j Even with high concentration 
of formaldehyde in nitrogen, though the bands in the region X 2800-3200 
were very strong, extmction (X 2060) even at 310° C was hardly detectable, 
and there was no difference between the spectra m air or in mtrogen at this 
temperature, fig. 4, Plate 1. 

Smee the character of the absorption is similar in the case of all the higher 
aldehydes, presumably the hazy banded absorption is due to the electnmio 
behaviour m reference to the —CHO group. 

* Henn and Sohou, ’ Z. Fhysik,' vol 48, p. 774 (18S8) 

t The repioduotlon of this photograph does not show up the effect, which is quite dutinot 
on the original plates. 
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The mam pomt about the behaviour of these aldehydes, however, is that th<> 
" extinotum ” m^itioned on p 28 is not dependent on the unchangcil alde¬ 
hyde molecule, but is connecte-d with the process of combustion which is 
responsible for the formaldehyde bands 

Alcohols .—^Neither ethyl alcohol nor isobiityl alcohol vapour alone or with 
nitrogen, showed any appreciable absorption m the region mvestigatod ; even 
at 360° C., a 2% isobutyl alcohol-air mixture did not exhibit any extinction or 
bands Higher concentrations of alcohol, and higher temperatures, were 
needed before absorption was observed, under which conditions both extinction 
and the formaldehyde bands were obtained owmg to the alcohol undergomg 
oxidation. 

Acids —^The vapours of the fatty a<-ids absorb strongly, and cause ‘ extme- 
tion ” m the ultra-violet A 3% formii acid-air mixture at 310° C caused 
“ extinction ” to X 2200, but the edge has a line banded structure extending 
to X2600 

Acetic acid-air mixtures gave no such bands, but only “ extmctiou ’’ Even 
at 1'5% concentration, no difference in the extent of extinction (to X2200) 
was noticed up to 400° C At 17% concentration extinction extended to 
X 2600 The edge of the band was diffuse. The extmction for propiomc acid 
at 11% concentration m air sinularly extended up to about X 2400. 

The extinction due to 0*06% of but 3 rnc acid was barely perceptible, but at 
0*6% qmto defimte (to X2100} No other bands became visible even m air 
at 363° C. 

This “ extinction *’ must be due to the —fJOOH group , it was not appreci¬ 
ably affected by temperature The acids inamly provide CO, CO, and water 
when further oxidation occurs (Ethyl acetate and other similar esters were 
found to absorb m accordance with the concentration of the acidic portion of 
tiie molecules.) 

Peroxides, Diethyl peroxide (C,H,),0, and dhyl hydrogen peroxide (C,H,0,H) 
were prepared by methods dosenbod by Baeyer and Villiger,* and by Rieohet 
from hydrogen peroxide and diethyl sulphate. Lederle and Rieohe have 
mvestigated the absorption of these peroxides m solution in hexane. The 
diethyl peroxide boded at 62°-63° C at 740 mm. It has a very low flash 
point, but IS comparatively stable The monoethyl peroxide boded at 93°-97°, 
and inflamed quietly with a non-luminous flame When the vapour was 
passed along with mtrogen mto the tube (at 19° G ), extmction to the region 

• ‘ Ber deutg chem. Ge« vol. 34, p 739 (1901) 
t ‘ Ber. deuta ohrm Oee v«l. 62, p. 218 (1929) 
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X 2900 occurred for lugh concentration (60%) and down to X 2400 for lower 
(oncentration (aliout 10%), the extinction was not sharp, and was like that 
given by the fatty acids, fig. 3, Plate 1 When ethyl hydrogen peroxide was 
jiitrod Hol'd into the tube at 83° C , extinction occurred up to X 2800 depending 
on till' (Mincentration There were no other bands, in fact for both peroxides 
the results were iiiticli the same 

It is also probable that peracetic acid, and other similar peroxides 
obtained by tlie action of oxygen on aldehydes, absorb in the same region as 
the acids, and tlierefore there is no direct evidence of their formation 
obtainable from the extinction shown in the absorption spectra of the 
alilehyde-air mixtures 

Ether readily gives a peroxide, and during slow I'ombustion, evidence of its 
formation nught bo obtained At 420° 0 m mtrogen, ether vapour in fairly 
high concentration gave very little evidence of any absorption -{extinction 
only to X 20(X)) In the presence of air, extinction commenced at 187° C, 
but no aldehyde bands appeared till 200° C (au* flow 46 c c. min) At 
230° C aldehydes and peroxides were produced in profusion, extinction 
occurred from X2250 Formaldehyde bands became strong with fairly 
intense general absorption in the region of these bands at X 2900 (probably 
clue to acetaldehyde) It was noted that the extinction did not extend to 
more than X2250, even though the absorption due to the foniialdeh}ulo 
bands increased, so that the proportion of acid formed was unexpectedly 
small 

Amongst the few classes of substances investigated which are likely to occur 
dunng hydrocarbon combustion, it is possible to distinguish by the nature 
of the absorption spectra, acids, aldehydes, and some higher unsaturated 
compounds , but the other substances cannot be directly identified, 
and it IS necessary to deduce what is happemug from a vanety of diflerent 
observations. 


§ B. Combtutum of Uydrocarboris 

When hydrocarbon vapours are passed tlirough the heated tube along with 
air, the first noticeable efioct on the spectrum of the light from the hydrogen 
source is shght “ cxtmction ” of the for ultra-violet, then as combustion pro¬ 
ceeds, the formaldehyde bauds make their appearance, and the extinction 
increases In the case of the higher hydrocarbons (beyond and incl uding 
butane), another band with a maximum about X 2G0U is distmctly visible dunng 
the early stages of combustion 
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The following notes, referring to the combustion of certain hydrocarbons, 
illustrate some of the observations made — 

(o) Profane,* 36'^ mixture m air at a rate of flow 70 c o, pet minute gave 
practically no extinction up to 426° C. in spite of aldehyde being detectable 
(by SchifF’s reagent). From 444° C. upwards, the extinction became marked, 
and then the formaldehyde bands made their appearance, and became pro¬ 
nounced at 484° C No continuous absorption occurred m the X 2600 region* 
(6) Butane,* 43% in air, at a rate of flow 116 c c per minute (which implies 
20 seconds exposure at 360° C. m the heated zone of the tube) just visibly 
gave rise to the formaldehyde bands The extmction « X 2300) was detected 
before the bands m the region X3000 became visible Halving the rate of 
flow caused the bands to stand out strong, and the extinction became marked 
At double the rate of flow neither the extmction nor the bands were visible 
On lowermg the temperature to 340° C at 50 c c per mmute the bands almost 
disappeared Continuous absorption occurred at X 2600 when the formaldehyde 
bands became visible This absorption was particularly noticeable in the 
expenments with butane m an atmosphere enriched with oxygen (30%), 
the resulting absorption at 360° C was the same for a rate oorrespondmg to the 
exposure of the gas mixture for 16 seconds m the heated tube as for 46 seconds 
when air instead of oxygen was used, fig. 6, Plate 1 
(o). iV pentane, 60% m air, at a rate of flow 46 c.c per mmute at 276° C. 
seemed to show some extinction, and at 300° C. gave detectable aldehyde 
formation, but no formaldehyde bands were visible, there was slight con¬ 
tinuous absorption m the region 2660-2760 At 317° C. this contmuous 
absorption was very marked, and although only a comparatively small amount 
of aldehyde was noticed, the extinction extended from X 2260 into the far 
ultra-violet. The extmction was complete to X 2900 at 330° C , and the photo¬ 
graph showed strong formaldehyde bands, fig. 2, Plate 1. 

(d) Hexane (boiling pomt 68°-69° C.), 14% m air, was passed through the 
tube at 362° C., very strong formaldehyde absorption bands and extmction 
were observed. At 324" C., and double the rate of flow, the absorption was 
only slight There was slight extinction observed, but no aldehyde bands 
visible, to as low a temperature as 269° C. 

(e) A sample of heptane (kmdly supplied by the Air Ministry Laboratory, 
S. Kensmgton) under similar CLroumstances at 283° C. burnt to give formalde¬ 
hyde bands, but the extmction was very great, no light being transmitted 

* Boiling point detenninatiou showed that the gases kindly su|^ilied by The Asiatk 
Petroleum Company were of satisfaotiwy purity. 



32 A. Egerton and L. M. Fidgeon. 

beyond X 3000 This extinction was found to be due to a small quantity of 
unsatnrated impunty which was removed by treatment with fuming sulphunc 
acid. At 300° the punfied heptane gave slight extmotion, and a pronounced 
general absorption in the region X2600, like other higher hydrocarbons 
(A condensation product was formed durmg the heptane combustion which 
deposited on the windows of the tube, and gave nsc to a series of sharp narrow 
bands at about X 2000, 2630, 2470, 2420, 2350.) In all these oases the hydro¬ 
carbon itself showed no absorption at the temperatures mentioned when passed 
through the tube along with mtrogen at the same concentrations, so that none 
of the absorption effects recorded can be directly ascribed to dissociation pro¬ 
ducts of the hydrocarbon 

(J) The effect of temperature on a mixture of butane and air is illustrated by 
the followmg experiment A 45% mixture was let into the long tube at 351° C., 
and retamed there, 2-second exposures being taken at ^minute mtervals. The 
products showed the extinction after 1 mmute, together with famt formaldehyde 
bands At the end of 4 nunutes, the absorption was fully developed, and was 
apparently unchanged after a further 10 mmutes heating. For another 
charge let in at 334° G. both tho extmction and the band became visible after 

minutes, and increased till 7 minutes, when no further change was noticeable 
up to 20 minutes. Similarly at 324° C. no absorption was visible for 13 nunutes, 
then the extmotion beceune ]ust appreciable, followed by the bands, which 
became clearly marked after 20 nunutes. The period of the mduction mcreaaed 
as the temperature decreased The actual temperatures are of no great 
significance, as the surface of the tube would also influence the temperature 
at which combustion would commence to accelerate 

Comparmg all these observations with those m the previous § A, it is clear 
that the extinction could be connected with the production of acids or peroxides, 
or of both, and the bands with the formation of aldehydes (particularly form¬ 
aldehyde),* but the absorption at X 2600 for the higher hydrocarbons cannot 
be associated with any of the compounds m § A. 

The experiments illustrating the effect of temperature, and mfluence of the 
rate of flow show that it takes an appreciable time to accumulate sufficient 

* Whether these aldehyde bands are entirely doe to the formaldehyde formed or whether 
the same yibrations can be set np m moleonles of higher aldehydes undergoing eombnstion 
is a point which has not yet beon settled experimwitall y , bat it is perhaps worth noting 
that although other aldehydes are formed during the oombnstion of the higher hydro¬ 
carbons that then Is no endenoe of any absorption in this region nntd the formaldehyde 
bonds make their appearance. Formaldehyde being a final product is no doubt in pro- 
pooderance. 
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pnxlucts of combustion to cause appreciable absorption of the light in the 
1 metro length of column of gas It is impnibable, therefore, that the imtial 
unstable molecules taking part in the reaction chain process, would be present 
III sufficient quantity to show up , as once a cliain is startcil, the final products 
are formed almost imineiliately For this reason, it was probable that the 
extinction, although the first effect to be observed, was due to the final acid 
residues of the combustion Nevertheleas, it was thought that it might be 
possible to detect whether the extinction tor the hydrocarbon combustion 
was greater than could be asc ribisl to the amount of acids produced, for if so, 
then the presence of other substames, such as p-roxides stabilized from the 
rc'uction chain mechanism, nught be rsUabhshcd 

The next sec'tion deals with experiments attempting to elucidate such 
points 


§ C Origin of the “ Eduiction ” 

A series of comparisons, taken on the same plate, of the absorption given by 
butane mixtures, and that afforded by butyraldehyde mixtures was made to 
test whether for the same intensity of formaldehyde bands, the same extinction 
occurred in both cases , for if the extinction were greater for butane, then it 
might be surmised that some product giving nsc to oxtmction (such as per¬ 
oxide) was formed during the* hydrcMsarlioa combustion before the production 
of aldehyde 

A mixture of butane (45%) and air at 360“ gave the same alisorption as 
a 2% butyraldohyde-air mixture passed through the tube at the same tempera¬ 
ture and rate of flow When the intensity of the formaldehyde bands were 
similar, the quantity of aldehyde as measured by the bisulphite method was 
found to be approximately the same In several comparisons, when the 
intensity of the formaldehyde bands was the same for the hydrocarbon as for 
the aldehyde, the extmction was slightly greater for the hydrocarbon com bastion, 
but the difference was not sufficiently marked to draw any defimte conclusions 
The extinction was therefore certamly mattdy due to the acid formed in pro¬ 
portion to the formaldehyde prcxlucecl Similar comparisons were also made 
for pentane and valeraldehyde 

In order to investigate the point further, the next senes of experiments 
was made to detemune the amount of absorption provided by the products 
of combustion of the hydr<x»rbon, compared with that of about 0 1% of acid 
under similar circunistaiices The tube was provided with heaters at the 
inlet and outlet to prevent condensation of acid Between each exposure 
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titrationH were made, the gases being bubbled through weak alkali solution, 
which was afterwards titrated back with N/lOO acid, using vanous indicators :— 


No 


2 

3 

4 

5 
ft 


Air, 

i. 0 per min 


Butmo aoid 
(mtimate of 
oonoentrstion from 
vapour pnnaure). 


Butyno aoid 
from 
titration 


(0 2ft) 0 1« 

(0 13) 0 OU 


0 12 
0 04 


The amount of extinction given by 0 16% butyric acid (No 2) was nimilur 
to that of 0 08% at id from the butane (between Nos 5 and 6) 


No 


Air, 


Butane, 
o pormin 


2 

3 

4 

5 


8A 

86 

86 

110 


4» 

40 


I Butyno acid ' Butyru atiil 
(oetimate of from 

I roncentration from | titration 
I vapour proMuro) | 


08 

07 

12 


In this case 0'12% butyric acid (No .'ll seemed to give about the same 
extinction as 0 0«% acid from the butane (No 2) 

It was necessary, however, to take into consideration the amount of COg 
formed during the butane combustion, as this might lie assumed to be derived 
from the breakdown of acid Tests were earned out both by usmg phenol- 
phthalein and methyl red as indicators, and also by direct determination of 
the (lOg percentage in a llaldane apparatus. The outcome was to show that 
the percentage of COj was about 0-1%. If this was all derived from acids— 
which could take part m the absorption—^the combustion of the butane should 
give greater “ extinction ” tlwn the butync acid, for the same amount of 
orgamc acid found by titration If the extinction for the hydrocarbon com¬ 
bustion was nwre than w’ould be given by about double the concentration of the 
correspondmg acid (as estimated by titration using methyl red) m the products 
obtained during the combustion of the hydrocarlxm, then there would be 
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evidence of some product being present, which was responsible for the absorp¬ 
tion, over and above that due to the acid 
The following is an example of some experiments made to test if this was so 
or not — 


Nu 

Air. 

BuUiu*. 

*'m 

Aeid, ntc 

Urganio 

aoid 

"" 

ToUl 
•>„ <.f 
oi^anic 

+ CO, 

Timo Ilf 
oontoct 

Bemarlu 

1 

8fi 




__ .. 

27 


2 

86 

50 



0 00 

17 

Slight oxtmction 

9 

120 

KJ 



0 008 

1 1 

* 

110 


Btitync(0 18%) 
at 28“ C 

0 0« 

0 08 

21 

Same extinotiun as 
f.ir 2 


no 


Acotic (0 62'>„) 
at 0" C 


0 0 

21 

Considerable extmo- 

fl 

no 


Acotio (0 10%) 
at -13>C 

/O 00 
\0 07 

fo 07 
\0 09 

21 

Extuuition oljMrved 
Intwroen that for 
Nos 3 and 4 

7 

8 

no 

no 

i 

Botyraldfhyile 
(0 40'!i) at 
- 20“ C 

0 03 

0 08 

21 



The result of these tests was that butane appeared to give slightly greater 
extmction than the acid for the same total acid concentration, % e, mcludmg 
that which might have given rise to the carbon dioxide, but any dtflorcncc 
obtamed was too small to be convincing The combustion of the butyraldehyde 
also gave sliglitly more extmction, in comparison with that given by acetic 
acid vapour, than corresponded to the acid produced. 

Thus aldehyde, and the hydrocarbon too, apparently gave an extmction 
slightly more than the quantity of and formed from them would indicate 
This was tlic conclusion obtainwl from these tests, but it is not satisfactory to 
attempt to gauge accurately the extent of the extinction without usmg spectro- 
photometne nietliods 

Similar expenraeuts were also made usmg hexane and caproic acid, nut the 
results did not provide any further positive support for the supposition that 
something besides acid was necessary to account for the extmction 

The result of these tests has been to show that the extinction can be almost 
entirely ascribed to the acid produced during combustion, and that if there 
may be an intermediate product (e g , peroxide, etc.) formed on the way to the 
final stage, that its additional cfiicct on the absorption is too small to be verified. 
As already explained, the accumulation of the final products would tend to 
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maak any effect of earlier formed products. Furthermore, this spectroscopic 
test, though convenient, is not sensitive and the more transient products may 
not be present in sufficient quantity at any given moment to cause appreciable 
absor])tion. 

Although the alcohols do not exhibit absorption, it is of interest to compare 
the absorption of the products of their combustion with that of the corresponding 
hydrocarbons The products which give rise to absorption were not generated 
to the same extent; from alcohols as from the corresponding hydrocarbons 
exposed to the same temperature* 

N butyl ulvohol docs not itself absorb appreciably above X 2000 At 426" 0 
a 30% n butyl alcohol and air iimtuie, only gave slight cxtmction, and faint 
aldelijdo bands , at 130° C the extinction extended to X2300, and the alde¬ 
hyde bands were rather leas marked than for butane-air mixtures at 360" C 
On cooling from 450’ the fomialdehyde bauds were still visible at as low a 
teiiqieratuie ns 380" C , it is probable, therefore, that the products of reaction 
tend to assist the initiation of the combustion of the mixtures lint even with 
n mixture over 50% butyl alcohol and air (when the cxtmction extended to 
X 2700 and strong formaldehyde bands were visible at 380° 0.) the liands at 
370" C were very faint (ompared with those of a butaiie-air imxture at 
360° C' and the extinction, though dc'tectable at 360° C , was not nearly so 
strong as with butane at a similar temperature, neither was the amount of 
aldehyde formed so great 

These experiments indicate that the alcohol corresponding to a given higher 
hydrocarbon, such as butane, imder the same conditions of combustion is not 
so readily oxidized, and if its formation is an initial step m the combustion of 
the hydrocarbon, it must ow e its more rapid oxidation to activation by chemical 
reaction rather than to thermal exchange 

It 18 interesting, however, that butyl alcohol gives nse dunng oxidation to 
strong absorjition in the region X 2560-2760 as in the case of butane. The 
aldehydes do not exlubit this absorption. 

This other absorption band which only shows up during the combustion of 
hydrocarbons and alcohols, inclusive of and supenor to butane m the senes, 
will be referred to at the end of the next section, which desenbes certain other 
special expenments. 


§ D. Various other Expenments 

Another possibility was worth explonug, viz, to test whether an inhibitor 
could be foimd which would stop down the later reactions, and allow the 
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initial reactions to proceed Of all the antiknocks tried (see below), lead 
tetraethyl was the only one found which did not absorb in the ultra-violet 
However, even lead tetraethyl m the presence of a trace of air absorbed stronRlv, 
giving an absorption somewhat similar to the peroxide absorption 0*1% 
lead tetraethyl adde<l to a butane air mixture stopinid down the formation of 
acid, and prevented the production of aldehyde even when the temperature 
was taken 60° above that which gave strong aldehyde bands without the lead 
tetraethyl But the lead tetraethyl itself alisorbeil as far as the region X 2400 
under these conditions, in fact, the extiiu-tion was much the same with lead 
tetraethyl at all temperatures, even m nitrogen * For lead tetraethyl in 
butane alone there was no extinction, show'ing that the extiiu-tion was due to 
the oxidation of the h‘ad ti'traethyl Owing to this absorption, lead tetraethyl 
cannot lie used to trace out the initial stages of the reaction It is interesting 
that the effect of the lead fetnicthyl ix-rsisUxl in the tube for some tune (10 
minutes) after its intriKluction (for no aldeliydes could l>e detected in the pro¬ 
ducts by Schiff s reagent) This mdicati's that part of the effect of the lead 
IS at the surface of the tube 

[Iron carbonyl cut off the whole of the ultra-violet region to X4000, butyl 
iodide to X.IOOO, aniline to XIUOO, the latter at quite low concentration 
entirely prevented the ovidation of butane up to 420° T] 

4 final senes of expermients was miMle on the slow combustion of butane 
air iriivtures by linking up the .ipparatiis uscsl bv Pidgi*on .md Egeitonf with 
the long tube uschI for these expermients, instead of the reaction bulb dewenbed 
m that paper The connection was c*fFccted by a ground glass joint, a conuu t 
point to tell the height of the mercury was fitted, as in the pre-vious work 
Mixtures of butane and air could lie made, and run into the long tube in its 
furnace , and by listening to the make of the contact fiom time to tune, and 
measiinng the height of the mercury in the manometer column, the pressure 
change dunng the oxidation could be ilotenmned Spectrographs taken at 
regular mtervals recorded the change in absorption of the mixture during its 
slow combustion. 

The first plate showed tliat reaction occurrexi almost at once on letting ui 
the butane air 50% imxtura (the tube being at too high a temperature). The 
aldehyde bands are at first hardly visible, but the general absorption at a 2600 
was marked, this disappeared after some nunutes, the formaldehyde bands 

* The nitrogen was paused over heated copper, but was evidently not completely free of 
oxygen 

t ‘ J. Chem. Soo.,’ p 661 (1932) 
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then got stronger, towards the end of the observations, however, they got 
weaker again, and gave rise to more general absorption Several photographs 
liad to be taken to get the right e^onditions Another plate was exposed with 
the fumae-e si't at 357° C , during an induction period of 18 minutes nothing 
was visible on the plate, but after 22 inmates, aldehyde bands and absorption 
at X2600 were visible, the latter then disappeared, and at 37 minutes only 
the bands remamwl, fig 1, Plate 1. 

Similar expenments were attempted at 337° C, using flat polished silica 
discs placed across the section of the tube at 5 cm intervals, and kept m 
position by sliort lengths of closely fittmg glass tube, 11 m all. so that the light 
liad to pass 22 surfaces on winch products might acciimulato during the 
induction period 

The gas (a 1 1 mixture) reacting at the surface gave rise to extinction 
and fonnaldehyde bands almost at once, no induction period was 
obtained 

With a 2 ail 1 butane mixture at 338° C the bands became visible after 
half an hour , before then very little extinction occurred At 347" C gradual 
development of <*xtinction and bands occurred, but no real induction p»*riod 
was obtained, and no absorption m the X 26(M) region. The final experiment 
with 10 discs gave much the same result, at 330° (', after 30 minutes, the 
aldehyde bands began to show, but there was no absorption in the X2600 
region 

The attempt here de8crib(>cl to measure the absorption of any prcxluct tliat 
might be stored on the surface dunng the induction period could hardly bo 
expected to reveal anything, because the layer would almost certainly be too 
thin to absorb appreciably. 

It was interesting to note m the experiment without discs the sudden appear¬ 
ance of the absorption band at X 2600 at the end of the induction period, and 
its subsequent disappearance. This Ijand which appi'ared to be formed prior 
to the appearance of the formaldehyde bands is not obtained during the 
combustion of the aldehydes, and is connected, therefore, with the process of 
combustion of the hydrocarbons and the alcohols prior to the formation of the 
aldehydes. Smee it only appears with the higher hydrocarbons, it is possibly 
connected with a process of ring formation. 

The significance of this change in the character of combustion for the higher 
hydrocarbons will be dealt with m another conununication, and now that the 
possibilities of the method have been explored, it is proposed to use it for studies 
of a more quantitative nature. 
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useful cnticism and liclp 


Summry 

(1) The character of the absorption spectra of various substances likely to 
be formed during the combustion of a hydrocarbon was investigated, and 
compared with the absorption spectra of various hydrocarbons undergoing 
slow combustion 

(2) The alisorption spectra of the hydnicarlions during combustion exhibit 
three characteriatK s, an absorption m the far ultra-violet, bands identified 
with those of formaldehyde, and m the (Ase of the higher hydrocarbons, a 
band with a maximum at alxiiit X 2600 

The absorption m the far ultra-violet w.is proved to be dm mainly to the 
formation of acids 

(3) The absorption of peroxide compounds is in the n*gion in which the acids 
absorb and it would not bo possible to determine the extent to which peroxides 
or other substances whic h may be formed, take part in the absorption obtained 
during the hydnaarboii (onihiistion without more elaborate methods of 
measurement than have been attempted in these preliminary exiieriinents 

(4) During the induction jicriod, no absorption is visible For butane and 
the higher hydnicarIxiiLs the band at X 26(H) is the first to make ap[M‘araiioe, 
and IS followed by the aldehyde bands The corresponding aldehydes on 
combustion do not give this baud 
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The Sj)€c(rum o/Ilj The Hands en(hng on 2p *11 Levels Part III. 

By O W TltcuAHDSoN, F R.S, Yarrow Rtwearch Professor of the Royal 
Society, King’s College, London, and P M Davidson, Ph.D , with an 
Appendix by Mias J Mabsdun and W. M Evans, University College, 
Swansea 

(Risieued May .*>, 1033 ) 

§ 1 TliP Baml Litiet which go doimi to 2p *11 from the Complex 
This paper is an immediate rointmiiation of Part llf which described the 
band systems whose lower levels were *2p*TI„j anil whose upper hwels were 
3d*lfft, and3s*S„ In the present paper (Part III) we start 

by dosiiibing the band systems which end on 2/)*lI„h and loine from 4d 
4d*nj, ld®ri„ and 4d*Aj After that we i-onsider the properties and con¬ 
stants of all the vaiious levels 2 / 1 * 11 ^ 4 , iWIIj, 3d®Aj, 3d®A8, 

4f/®Sj, 4d®llj, 4d®ll„, and 4ii®As Most of these constants are worked out 
fioin the Appendix, in which llie energy levels and the intensities in the bands 
are shown to be in good agreement with the wave methaiiKs 
The lines going down to 2p*n from 4iZ*ij, IIj, llg, A^, arc set out in 
Tables 1 to T\^ Tlie 0—0 bands are to be understood as replacing the tentative 
lines which wtix’ incliideil in Part I In these tables the first column gives the 
designation P, Q, R of the line followed by the K value of the final level. 
Transitions between weak (v) levels are distinguished by dashes from those 
betw ecu s| rung («) levels The remammg columns give m turn Gale, Monk, 
and Lee's* wave numbers, Kapuscinski and Ejnners’i} intensity measures. 
Gale, Monk anil fjec’sJ and Fmkelnburg’s' eye estimates of intensity, response 
to high (II) or low (L) pressure as recordini by Merton and Barratt,*; Zecinan 
eflect according to Dufour** or Oroze,tt comparison of intensity at room tem¬ 
perature and with the ilischnrgc tube immersed in liquid air by McLennan, 
Grayson-Smith and Collina,JJ the excitation potential of the final level of the 

t ‘ Proe Roy Soc ,’ A, vol 140, p. 26 (1033) 

J ‘ Astmphys J ,’ vol 67, p 80 (1928) 

§ • Proe. Roy Soc.,’ A, vol 122, p 68 (1028) 

II ‘ Z Physik,’ vol 62, p. 27 (1928) 

H ‘ Phil. Trans.,’ A, vol 222, p 360 (1022) 

•* ‘ Anti. Chim. Phys.,’ vol 0, p 361 (1006), ‘ J Phys Rad.,’ vol 8, p 269 (1909). 
tt ‘ Ann Physique,’ vol 1, p. 68 (1914) 

Jt ‘ Proe. Roy. Soc ,’ A, vol. 116, p 277 (1927). 
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hn«’ aa determined by Fmkelnburg, Ijau, and Reichenheimt and the eiToot of ad¬ 
mixture of helium (He) aa observed by Merton and Barratt J An asterisk 
after the wave number denotes an interferometer measure of Gale, Monk, and 
Ijoe A comparison of the mtetmitiea given by Gale, Monk, and Lee with those 
of Finkelnburg often giv(« a valuable confirmation of the correctness of the 
line, because in a given band the Imea with higher K numbers tend to become 
relatively more intense m Finkclnburg as lompanil with Gale, Monk, and Lee, 
and those with lower K mimbers tend m the op^xMite direction. This is due 
to the higher temperature of the sourtea used by Fiiikelnburg 

These bands are very like the corresponding ones which go down to 2p 
fixim the levels .‘ld®Tla, and Apart from the fact that 

they he about 650(» wave numbers highei, corresponding to the change in the 
quantum number of the initial states from 3 to 4. the most noticeable difference 
IS the absence of the high preasim- and comleiised diwhargo enhancements 
There are no lines enhanced iii the condensed discharge in Tables I-IV and 
there are about as many H as L lines However, a considerable proportion 
both of the H and the b lines are coincident with lines of other systems, so it 
seems fairly sure that the lines of the 4cZ®illl A->-2p®Il systems are nn- 
resfionsive to pressure chaiigiss 

In every case th<> strength is {iractically eotihued to the diagonal bands. 
The strongest are 0' -* 0" anil I' I" with about equal strength, then 2' -►2", 
and 3' -*3" weakest Tn eaih system the strong lines of the ()'-> 0" bands 
arc recorded bv Merton .mil Barratt (loc nl ) as strongly enhanced by ad¬ 
mixture of helium, just as in the baiicls which come from the n - 3 levels, and, 
as IS the case with those bands also, the lines of the 1' >• I". 2' * 2", and 3' 3" 

bands do not possess this property The ineideucc of Ihe Zeeman effect is 
also almost the same as that in the bauds c onung from corresponding levels 
With »» — 3. Thus in id 2p all the strong lines respond to the Zeeman 
effect, in 4d®nj -> 2p®n most of them do, although m one or two cases this 
may come from the liniM being blended with lines b<4ongmg to 4d -► 2p ’FI 
In id *no -> 2p ®11 there is a fair number of lines definitely known not to respond 
to the Zeeman effect whilst for those for which it has been recorded, in every 
instance, the data are affected by blends. The properties of 4d3A»-*-2p*n 
are probably very similar to those of 4d*n,-*2p®II as regards the Zeeman 
effect but, since the lines of this system are weaker, the data are leas 
numerous 

t ‘ Z. Phywk,’ vol. 61, p. 782 (IMO). 

t ‘ Phil Trans A. vol 222, p 360 (1022) 
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The excitation potentials of a good many of the lines have been determined 
by Finkelnburg, Lan, and Beichenheim.t The values for the final levels, given 
under V in the tables, do not agree so well with the theoretical values as do 
those got from the band systems which go down to 2p*n from levels with 
» = 3. However, according to our mterpretation of them, an unusually high 
proportion of the stronger lines of those sj^ms are blends Perhaps this is 
not surpnsiBg as the bands are all very close together and much mterwoven. 
They are also embedded m the bands of 3p *11 2s *£ and 4p *S 2s ’S as 
well as in the bands of a large number of strong systems which go down to 
In any event it is satisfactory to note that in 4d*S ->^*11 the only 
two really strong Imes which are not believed to be blends, or for which the 
excitation potential data are firee foom suspicion of ambiguity, namely, R2 
of the O' -*0" band and Ql of the band have measuied excitaticm 

potentials of the final levels of 11*70 and 11*98 volts respectively and these 
values are m agreement with the theoretical values to withm the accuracy of 
the excitation potential measurements. When allowance is made for the prob¬ 
able mfiuence of the blended constituents m the case of the remaining band 
Imes for which excitation potential measurements are available it is doubt¬ 
ful if any of them differ from the theoretical values by more than the possible 
experimental error, which is rather considerable in these measurements 

The effect of an admixture of helium on the Imes of these systems is almost 
identical with the corresponding effect m the 3d *211A -*• 2p *11 systems All 
the strong Imes m the 0'-*'0" bands of 4d*S-**^*n, 4d*n»-*2p*n, 
4d*n( *>2^*11 and 4d *A»->■ 2p *11, as well as some rather weak ones, are 
recorded by Merton and Barratt as enhanced by helium On the other hand 
m the 1' 1", 2' -*■ 2*' and 3' -♦ 3" bands of all those systems, as well as m the 

non-diagonal bands, for which up to the present only a few lines have been 
found, there is only a single Ime which is recorded without ambigmty as 
enhanced by helium. There is also one line, R4 of the band of 

4d *£-^ 2p *n, which is deflmtely recorded as unaffected by admixture of heluun. 
It seems dear, therefore, that the strong hebum e nh a n c eme nt is confined to 
the O' -»‘0" band of each i^stem 

Omskleimg the systems as a whole, the stimigest are 4d*L-*‘2p*Il and 
4d*n,-*5^*n, with not much to choose between them. 4d*n,*^ ^*11 is 
much weaker than these and IS a little stronger than 4d*At**-2p*n. Wehave 
not been able to find 4d*Aa-»^*n which is presumably very weak in some 
reqiect. It is probable on theoretical grounds tiiat tiiis band has no detectable 
t * Z. Fhjnrfk,’ voL 61, p. 782 (1980). 
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strength except m the P branches. This vonld account for the difficnlty of 
detecting it, which does not necessarily imply that there are no lines of any 
strength in the system. This distribution of intensity among the bands as a 
whole is quite different from that in Zd *Zn A -► 2p *11 where Sd * A» -* 2p *11 
is the strongest system. It is similar to that in 4d*£nA->2p*n and has 
considerable resemblance to that m The resemblance to 

the mtensity distribution m 4d*£nA-*-2p*n is not unreasonable since, as 
we saw m Part II, that of 3d*£nA-»2p*n was quite like that of 
3d‘SnA-*2p*n. 

In 4(i*£ ->i^*n the R branch is strong,'the Q branch moderately strong 
and the F branch weak. In 4d *!!)-> ^*11 the R branch is strong and the 
Q and P branches both weak. In 4d*n, 2p *11 the K and Q branches are 
each of moderate intensity and the P branches weak. In id * A^ 2p *11 the 
Q branch is moderately strong, ^e P branch is similar in intensity to the Q 
branch but a little weaker, and the R branch is much weaker than either andis, 
m fact, quite weak These are rough statements intended to give a general 
idea of the mtensity distnbution m the bands. In reahty the intensity of 
the lines of a given branch varies considerably with K These peculiarities 
of mtensity distnbution are accounted for quantitatively so far as the 0 -^0 
bands are conoemed, as well as the 0-»0andl-*l bands of the 
3d*£nA-»2p*n systems, by the theoretioal oalculations m the Appendix. 

We are inclined to consider the 2-^2 and 3-^3 bands of id*11,) 2p*11^ 
as lees secure than the others and m all the bands with if (or v") > 1 there are 
lines mvolvmg transitions between weak (s) levels which it is difficult to be 
certain of. 

$ 2. The Vibmtwndl Inlervah. 

The additional data furnished by the id *£11A -«■ 2p *11 systems ouble the 
final vibrational intervals given in Table YII of Part II to be extended some¬ 
what. The values we now find for these mtervals are given m Table y. Where 


Table Y.—Pinal Yibrational Intervab of 2p *11,). 


State. 

tlbntioiisl 

IntomJ. 

K-1. 

K-S. 

K-3. j 

K<-4 

K-8. 

K.6. 

K-7. 

- 

1-0 

5-S 

1-0 

S-1 

»-• 

ISMM 

Itl6<77 

1008-04 

ns3-se 

8I11-40 

SOM-76 

1 

33M-&4 
SS08 M 
S084 81 

2Sia 71 
2102 36 
2074 32 

3290-21 

2178-36 

2080-83 

2383-31 
2183 04 

2144-2 
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these difEer from the oonesponding values in Part II the present ones are 
believed to be the more aocorate. 

The mean values of the imtud vibrational mtervals Ao* (K) calculated ficom 
the final intervals in the preceding table and equations of the tjpe 
Ae'(K)« Av" (K +1) + P (K +1) (« +1- P (K +1) (u-f)) 
are set out in Table YI. As only the values for the strong a levels are known 
the successive values of K jump by 2 in each band, just as they did for the final 
intervals and for the same reason. If we compare these intervals with the 
corresponding intervals of the 3d*£IIA complex (Part II, Table VIII) the 
greatest similanty is at the A level, as is to be expected. The value of the 


Table VI.—Vibrational Intervals of 4d *2, id *n», id *11, and id ‘A,. 



^oIp—W hen the lut digit U depreued it swuif tbet the oorrect Taloe ie thought to lie within ± A unite 
in the Uet deoiin*! 


lowest mterval at I'-^O' for bot^ 4d*£, 4d*n» and 412*11, is much closer 
to that for H, +, the end of the series iii2*S, 11, A, than is that for the caae- 
sponding interval of 3d *£, Sd’II^ and 3d *11,. This also is very reasonable. 

There is a very dose resemUmice between the distribution of mtensity in 
the present .band systems and those of the oorteeponding singlet s ys tem s 
4diEnA-+^*n. We should, moreover, expect a dose resem b l an ce between 
the vibrational mtervals of dd'ZIIA and of 4d*£nA. The data for testing 
this question are very meagre. The 4d*£nA levels are only known at the 
lowest vibrational mterval v » 0, except in the case of id^H^, where v =» 1 ie 
known in addition. The 1 — Ointervals of td^IIi ate 2164*18 at K =*2 and 
2165*40 at K » 4. The corresponding mtervals of 4d*nt are 2170*66 and 
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21S6 66 respeotiTely. Thus in the only instances where it is possible to test 
the question the resemblance is very close, as was anticipated. 

§ 3. The Invtud Rotatumal Levels. 

The intervals between these have been measured by the same method as 
was adopted m dealing with the 3d *£11A levels. As was explained m Fart II, 
owing to the rotational doublmg of the final levels, it is only possible to deter¬ 
mine these intervals to within ± x^, where is the height of the lowest«level 
above the lowest a level at the final vibrational level v" = v' — m of the bands 
from which the data are extracted. If we imagine for a moment that the 
x„’a are zero, then m the lower state the intervals between all tiie a and b 
levels at a given « are known completely and hence the rotational mtervals 
in any upper state can be immediately calculated from the bands, m the usual 
way This gives Table VII It is to be remembered that x^ is not usually 
zero, and hence that in each 4d * diagram m Table VII the whole of the dotted 
(s) levels are to be raised relatively to the solid (o) levels by the of the corre¬ 
sponding lower vibrational state. Thus using F (K) for the true level, and 
oonsidenng, for instance, 4d*n», vs=0, the number 36'19 is really 
F (2) — F (1) -t- * 0 , while 106'86 is really F (3) — F (2) — x^, and so on. 

The corresponding singlet bands are included m the table for companson. 
The smglet level differences do not mvolve any uncertcunty corresponding to 
the small quantity ±, x„ which enters mto the tnplet data; because these 
mtervals have been measured, in our papers on the smglet systems, with 
reference to the 2p^£ state where this duplicity does not occur and in which, 
owmg to its great regularity, all the intervals can be computed with an 
accuracy which is probably great 

Although there is much similarity between the structure of the rotational 
levels of 4d’£nA and that of the correspondmg levels of 4d‘£nA it is not 
so dose as that between the rotational levds of 3d *£11A and the correspondmg 
levels of 3d ^£11 A. This was discussed in Part II where it was diown that the 
triplet 3d if^ and 3d A, levels were almost mdistingiuahable from the ootte- 
sponding smglet levels. It is true that there is a similar resemblance between 
4d*At and 4d^A» but the lowest K interval of 4d*n|, if genume, differs 
appreciably &om 4d^nt. 

In 4d'£, asm 3d*£, -*>2p*n the status of the P' 1 Irnes is less secure than 
that of the others, smoe there are no combinations. The main pistifioation 
for the Imes chosen is that (1) they contmue down to E = 0 the rotatumal 
stmoture of the levels at higher K which are made secure by the combinations 
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Table VII —Rotational Struotuie of id *£1I A and id ^SIIA Levels. 


e>l U*B VO. 2 e-S 


308 64 278-70 

•-62 91 *sa 01 

246-78 224 88 

178 88 170 14 ' Ifll 00 140 31 

•46-34 *66-21 *68 43 *46 82 

IIS 49 113-63 108 47 102 40 

-*60 31 -*81 63 -*64 16 -*48 00 

68 18 + 62 30 64 31 64 40 

*61 27 *81 76 *63 06 *48 06 

+ 1 91 -19 46 +1 26 +6 35 

-*61 17 -* 6 30 -*62 12 -*47 61 

-40 26 -38 96 -80 87 -41 26 


»0 44'/7» v-l 4^1‘17» v-1 4d*ni v-2 4i>/7» «-3 


279 40 264 03 260-71 

*64 12 *31 60 

226 28 226 81 212 34 211 34 

-*67 47 -*66 22 --*62 81 — — - 

167-81 170 69 159 33 167 26 161 40 

*60 06 *63 78 *66 18 >64 38 

106-86 106 81 103 36 102 68 104 01 

-*71 86 1 -*92 66 -*62 97 -*67 64 - 

186 19 U 16 41 38 36 14 46 43 


260-71 

*49 37 

211 34 

-*49 04 

161 40 161 20 

*67-39 * 

104 01 100 06 


281-69 280 19 277 63 278-12 

*34 06 *49 73 *48 94 *43 18 

227 64 228-12 230 46 228 69 234 94 

-*36 41 --*77 71 -*63 90 -*60 06 -*60-94 

171-13 147 41 176 66 178 63 184 00 

*69-77! *88 88 *63 04 *61-16 *49-33 

! Ill 36 68 63 122 02 127-87 134 77 


id*4t e-0 4diJt «-0 44'Jt 


286 08 260-36 247 80 220 39 

*40 18 *42 68 *28-22 *17 17 

236 60 226 78 219-08 203-22 


t The v»lidi(]r o( thi* krel will be duouned In • different paper. 
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and (2) their intensities look reasonable and change in the right way in 
Finkelnbrng’s tables as compared with Qale, Monk and Lee’s. The P' 1 line 
of the 0 -► 0 band has the farther security that it is an He ++ Ime, of which 
very few now are unclassified. 

Admitting the correctness of these 4<{*£ P' 1 Imes (all the fiscts known about 
them are favourable to this identification) we see that the K = 0 level is 
inverted at each vibrational level In this respect 4d’S resembles 3d^£ 
more closely than it resembles either 4d^2 or 3d *S, assiimmg that the irregularly 
placed K = 0 level of 3d^2 at v = 2 is to be relied on As v mcreases ficom 
0 to 3 the extent of the mversion of the K = 0 level of 4d *2 diminidies. This 
izend is the opposite of that in 3d ^2 where the mversion mcreases in going 
firom « = 0 to « = 2 (the K = 0 level at« = 3 is unknown) and is more like 
that in 3d *2 where the K = 0 level is inverted at v = 0 and v =3 1 but not 
at V = 2 and v = 3 Among the four levels 4d*2, 4d^2, 3d *2 and 3d ^2, 
4d^2 is unique m having both the K = 0 and the K — 1 level mverted. How¬ 
ever, m 4d *2 the interval between K 1 and K — 2 is very small; so that 
the K =3 1 level is almost mverted. 4d*2 is known only at the vibrational 
level« = 0. The uncouplmg effects are very pronounced m 4d *2 as in 4d ^2, 
3d *2 and 3d ^2. This seems quite certam as it holds good even if we dis¬ 
regard the K — 0 levels, which depend on the F 1 Imes which are less secure 
than the others m the case of 4d’2 and 3d’2. 

4d*n» resembles 4d^n, more closely than it resembles either of the two 
levels 3d'n» and Sd^TT^ which are very much alike. 

In 4d *n, there are several double elements in the bonds with v > 0 
The difference in structure between 4d*na and 4d^n, at v = 0 is chiefly due 
(see Appendix) to the K = 1 level of 4d *n, being a long way firom its theoretical 
pontion. This aqpenmental level is rather uncertain. In view of the posd- 
bility of alternatives far some of the more doubtful levels in 4d *n, as we have 
arranged it the apparent difference of its rotational stmoture when compared 
with 4d may not be very significant. It is, however, not very nnlika that 
of the 3d ** levels. 

As has been mentioned 4d * has a rotational stoucture practioally identical 
with that of 4d^At at v = 0, the only vibrataonal level at which 4d^\ is 
known. 4d*At is also a good deal like the almost mterchangeable levels 
3d*A» and 3d^At. The most striking difference here is the rapid closing 
up of the interval between K = 4 and E = 3 of 4d'A» as v inTintamifl 
firom 0 to 3. However, as the K => 4 level of 4d ’A^ is not too secure at t; 1, 
2 and 3, perhaps too much emphasis should not be laid on this featoie. 
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§ 4. Variant ConilatUs. 

Table VllI givee a number of oonetante The five energy levels £, 11), IT, 
A), A, are associated with three unperturbed levels (or more stnotly one 
should say that the 11’s oomcide in that approximation, and so do the A’s). 
It is to these unperturbed states that the constants refer. Many of the numbers 
are calculated from data m the Appendix, m which, also, the notation is 
referred to. For Table VIII, it need only be added that W«, means the mmi- 
mum of W'), the ourve of energy for fixed nnoloi (defined, for example, by 
equation (21), page 16 in Eronig’s bookf). At each A a Rydberg formula is 

Table Vm 


3<P, W*, above 2ji *11, K - 1, e - 0 (wave nnmben) 
itP, Wm. above Sjp '/7, K 1, e •> 0 (wave nnmben) 

3^*, W*, below W* ol H,+ (wave numben) 

W*, below W« of Hi+ (wave noraben) 

3^, eangy of diuodation (volte) 

4^, energy of diewdation (voHa) 

Sd*. Wm, denomlnater ol the Rjdbeig (ormula 
Sd*. ««(wave nnmben) 
idf, u>t (wave numben) 

Three valoee of gp */7, K >• 1,« 0 below of H,+ (wave numben) 

Average value of 2p *17, K «=> 1, »»= 0 below W* of H,+ (wave numben) 
Wfl, of 3p *nf (wave numben) below Wm of H, I (wave numben) 
ip *n, energy of dimodatlon (volte) 

^ *n, Wm above 2* 'i?. K«» 1, « « 0 (wave numben) 

4p *n, W«, above 2« 'X, K =• 1, ® ■= 0 (wave numben) 

3p *n, W« below W« of H,+ (wave numben) 

4p*n, below W» of I^+ (wave numben) 

Sp *17, denominator of the Rydbeigfonnuls 
it ‘il, K 1, B — 0, below yVm of H,+ (wave numben) 

2j ’Z, yin below of H,+ (wave numben) 

2* ‘Z, Wn energy of dimodation (volte) 



apphed to the W„’s of the 3 and 4 elcctromo levels, m order to estimate their 
poeition relative to the of the hydrogen molecular ion. The oorrespondmg 
oonstants for the «, ^ bands are also calculated, m order to compare the positions 
of the ip ’n and 2< *Z levels. The E = 1, u — 0 level of 2p *11 is found to lie 
about 200 wave numbers below K — 1, v =- 0 of 2s *£ (and hence about 11*74 
volts above the ground level of the molecule; tills agrees with the excitation 
potentials measured by Finkelnburg, Iau and Reiohenheim and with the old 
extrapolation^ from the Rydberg-Rita formula). 

In all three unperturbed states, both of 3d* and 4d*, Bo lies close to 29 and 
a is about 2. The value of xciq is about 75. In the lower state, 2p*n, the 
t " Bud Speolza and Moleoulu Stmeture,” Ounb. Univ. Press (1930). 
tow. Richardson, • Proo Roy Soc,,' A, vol 113, p 399 (195»). 
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rotational levels ate of simpler type. As m the upper states, the Hi and 11, 
levels are associated with unperturbed states m which they ooinoide. Here, 
however, the perturbations are small. In an “ average ” state, obtained by 
taking the average of the two levels at each K, it is found that is 
31 *075; a IS 1 -47, and D is -0-019, (Oq is 2467}, and xcog is 63}. These 
are in terms of the now mechanics, if they are to be compared with constants 
of other systems, worked out on the old mechanics, Bq must be changed to 
30-335, a to 1-45, e>a to 2404 and to 62}. 

In Tabic VIII, the energy of dissociation means the amount by which the 
mimmum of the energy curve (for fixed nuclei) lies below its asymptotic value 
at infimte nuclear separation * 

It will be seen from the table that the appbcation of the Rydberg formula 
to the W„'e of 3p *11 and ip *11 gives 2-982 for the denominator in 2p *11 (and, 
of course, 3-932 in 4p*n). If the W„ of 2p*n had denominator 1-932 it 
would lie 29390 below the W,, of According to the table this number is 
235 greater, bemg 29626, this value bemg got by applymg Rydberg formnlm 
to the 3d* and 4d* levels The value 29625 corresponds to a denominator 
1 924 The small disagreement is not surprising; a Rydberg formula can 
hardly be expected to hold accurately as far as the 2-electTonio states. 

As remarked above, the of 2p *11 (on the old mechames) is about 30 - 336, 
at dp *n, the upper level of the a-bands, it is about 29-69 , at 4p *11 about 
29-35 and at 6p*n about 29-28 The limit of the senes should be the 
rotational constant of the lowest vibrational level of the molecular ion 
This quantity computed from Borrau’s data is about 29-1. 

At V — 0 the coefBcient of (K -h })* proves to be in the immediate neigh¬ 
bourhood of — 0-02 in all the np *11 states This is in dose agreement with 
the value computed from Pq = — 4Bo*/e>o* in each case. 

The values of the rotational constants, as well as all the other properties, of 
the final levels of these bands are in excellent accordance with what we should 
antuapate for the member n = 2 of the series np *11,, from the known pro¬ 
perties of the members n = 3, 4, 5 and «>. 

/Summary. 

This paper is a continaation of Fart II which desenbed the band systems 
of coining ficom Sd*S„ 3d*11,, 3d*n, and 3«*S, and ending on 2p*n„. 
It describes the band systems which end on 2p*n,, and come fitom 4d*£,. 
4d*n„ 4d*n, and 4d*A,. The properties wd constants of all the various 
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levels 2j> >0^. id %, 3d »n», 3d ‘n.. 3d »A», 3d »A„ 4d »S„ 4d >n*, 4d »n. and 
4d * A» are tiien oonsideied. Most of the constants are worked out from 
the Appendix, in which the energy levels and the mtensitiea in the bands are 
shown to be in good agreement with the wave mechanics. 

Appsndix. 

The rotational levels, of the 3d* and 4d* states, are very similar to the corre¬ 
sponding singlet levels, and may be subjected to an exactly similar theoretical 
treatment So may the intensity distribution, except that m the present bands 
the application of the theory is more limited, owmg to the absence of the 
2p*S state, which is unstable In what follows, the notation used for the 
suigletsf IS retained throughout the text, tables and diagrams. 

At t = 0 of 3d* and 4d* (figs. 1 and 2) the levels marked simply Wx ate got 
by assuming a formula Wa° = Ca -f 29 (K -f J)* — 0-02 (K + D* The S, 11, A 
levels marked “ calc ” are obtained from those Wa“’ 8 by the perturbation theory. 
It will bo seen that they agree fairly well with the levels (marked " obs ”) derived 
from the bands I This is especially true m the 4-electromo states. In the 
others the method called “ calc. 2 ”t was also used, giving somewhat different 
values for the W°’s In the above expression for the W^’s the values of 
Co, 1 , |, all measured above the K = 1, » = 0 level of 2p *11 are 16860, 17068, 
17362 at V =» 0 of the 3d* states, 16593, 16836, 17228 at v » 1 of the 3d* 
states; and 22547, 22587, 22607 at v = 0 of the 4d* states. The calculated 
and observed mtensities are set out m Tables IX-XI. 

In these tables K is the (rotational) quantum number of the imtial state 
From each K there are m general throe transitions (K -«-K, K db 1) down to 
2p *n, giving rise to a Q, P and Rime respectively Asthe relative populations 
of the uutial states are unknown the theory is only to be applied to each separate 
group of three lines, P, Q and R, coming from a givmi initial state such as, for 
example, 3d 'A,, o = 0, K = 2. In the three theoretical intensities ifc** for 
each group a common factor has been employed which makes the strongest 
Ime of the group agree with Kapuscmski and Eymer’s measure of the intensity.l 

t SsTidMni. ‘ Proo. Boy. Soo.,’ A voL 138, p. 680 (1»32). 

} In V >3 1 (rf 3(1', for which a diagram is not given, the number 29 in the above 
expression for must be replaced by about 27 to give the best agreement with the 
observed levels 

{ In the bands considered by Davidson the relative intensitieB in transitions to two 
lower eleotronio states were oonsidered Since we have here only one, the quantity k 
rednoes simply to v* multiplied by the factor mentiemed 
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Then measuiementB are given under E whilst the numbers under Q are Gkde, 
Himk and Lee’s eye estimates, lines absent &om the tables are indicated by 
ab or Imes claimed as blends on theoretioal grounds by f, observational 
blends by U. Lines marked a, b, c oi h are also likely, on observational 
grounds, to be blends (</. Qale, Monk and Lee, loe. eU.). ^ means that some 
of the strength may bo wanted elsewhere, but that is not certain The 
agreement with theory is quite good In particular, nearly all the lines which 
should be very weak are found to be so. 



Fio. 1.—3et •ZIIA at 0 - 0. 









Table X.—Inteoataes. S-electsonic atatee, v = 1, 
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By 0. W. Richabdson, F.E.S , Yarrow Research Professor of the Royal 
Society, King’s College, London, and P, M Davidson, Ph D , Lecturer 
in the University College, Swansea. 

(Received June 13,1933 ) 

We will b^[ui with the lines which go down from 3d We succeeded in 
identifying them some tune ago, but apart from a smgle progression (called 
the progression starting from X 4097 *433) which we found some while before the 
others,* no account of them has been published, though they have been used 
by one of usf m a paper on the theoretical rotational and intensity structure 
in the singlet bands 

These even singlet A levels go down to each of the odd singlet levels of H, 
at n 2, namely, to 2p »• ^V* ^ > which is not drawn to scale. 



i 2p^ 

Fio 1. —^TnumtkHU Irom 3d ‘ A» and 3d^ A. down to 2p and 2p *n at levels. 


shows the tranmttons. The potential energy curves of the upper states are 
very similar to that of 2p^n, whereas 2p^Il has a much flatter curve. Its 
miwimnm is at a much larger nuclear separation, and is some 9000 wave 
numbers below that of 2p ^11. Thus whereas, for example, the 3d ^ A -*• 2|p ‘II 

* It is one of tile onaewoiated progrewions included in Part 4 of our previous papers 
on tiw singlet systems (* Froo. Boy. Soo.,’ A, vol. 124, p. 79 (1929)). 

t Davidson, *Proo. ^y. Soo.,’ A, rot 138, p 080 (1932), hereafter referred to os 
loo. e«<. 
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bonds (which are in the infra-red) are of the ” diagonal ” type, the corresponding 
bands to form long vibrational progressions m the visible, in fact, the 
intensity distribution in these progressions is, as it should be, very similar to 
that in the corresponding and 3d ^11 progressions, and shows a good 
general agreement with that predicted by the wave mechanics.* These 
3d^A-*2p^S progressions are set out m Table I. The wave numbers are 
taken from Qale, Monk, and Lee’s table,f and are followed by their eye estimates 
of intensity and preceded by Kapuscinski and Eymers’ measured mtensities 
These progressions are weaker than the corresponding ones from 3d and 3d ^11, 
in fact, as may be seen, their strongest Imes have mtensity about 36 on 
Kapuscmski and Eymers’ scale The strongest bne m the whole H, spectrum 
occurs in the 3d^£ ->2p 'E progressions, and has intensity 485, but there are 
only 13 hnes in the spectrum with intensity greater than 160 We shall see 
later that the two strongest Imes of the 3d ^ A 2p *11 bands, though their 
mtoisitiea have not been measured, are probably about twice as intense as the 
strongest Imes of the 3d * A—2p *S bands 
In Table I a bar over a Ime means that the data refer to a blend with another 
Ime of at least comparable mtensity. The letter F means that the data are 
taken from Fmkelnburg’s§ table instead of from Qale, Monk, and Lee’s. Lmes 
whose mclusion is doubtful are queried. We have examined the properties 
of the Imes as set out m Merton and Barratt’s table,|| the Zeeman effect data 
of Dufour^ and Croze,** and the effect of low temperature on the Imes as 
recorded by McLennan, Qrayson-Smith, and Collins ft Owing to insufficient 
resolution those observational data refer, m a large number of cases, not to a single 
Ime but to a group of two or more hues of which one of the lines m Table I 
forms a part However, it seems safe to say that the strongest Imo of 3d * A* 

2p *S, Q2 of the 0' -*-0" band, and the strongest Ime of 3d *A,—2p*S, P4 of 
the 0' -* 0" band, are both Imes for which the Zeeman effect is defimtely known 
to be absent. There seems no doubt of the conclusion m these two oases as 
the observationB are either for uncontaminated Imes or for blends with lines 

* Davidson, ‘ Proo Koy. Soc A, vol 135, p 459 (1938), and actual oaloalations by 
Price, ‘ Proo. Roy Soc.,’ A, vol. 136, p 264 (1932), 
t * Aslmphys, J.,' vol. 67, p 89 (1928). 

$ * Proo. Soc.,’ A, voL 122, p. 58 (1989). 

S • Z. Phyiik,’ vol. 62, p. 27 (1928). 

II' Phil. Trans.’ A, vol. 222, p. 369 (1928). 

H ‘ Ann. Chim. Physique,’ voL 9, p. 361 (1906), ’ J. Physique,’ vol. 8, p. 259 (1909). 

*• ‘ Ann. Physique,* vol. 1, p. 58 (1914). 
tt ‘ Pw». Roy. Soc.,’ A. vol, 116, p. 277 (1927). 
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BO weak that thej would not be detected under the oonditiona of the Zeeman 
effect observations. Q4 of the 0' -► 0" band of 3<i * A* — 2p *2 is also a Z = 0 
hne, but here the evidence is not so clear as the observation may be for a group 
which mcludes a rather stronger line of the 4p *2 2« ’2 system, and this 

system does not give the Zeeman effect No^ng definite can be said about 
the other lines. It looks, then, as if these bands do not respond, or respond 
very weakly to the Zeeman effect (this places them m sharp contrast with, 
for example, the 3d'2-*2p^2 and 3d *2 — 2p*n bands). There seems a 
slight tendency for the bands to be enhanced at high pressures, to be exact, 
two lines m each system are recorded as so enhanced, and none are recorded 
as enhanced at low pressures. 

The final vibrational and rotational intervals of the bands m Table I are 
identical with those which we have securely established for 2p ^2 in our former 
papers dealing with the singlet systems. In particular, very accurate mean 
values were given.* The excitation potential of the line 22206*34 (Q2 of 
0' 0", 3d^A5 -*■ 2p >2) has been measured by Fmkelnburg, Lau, and 

Reiohenheim,t and this determination further confirms the identification of 
the final level as 2p^2 

As to the identification of the upper levels as 3d ^ A,*, it is to be noted that 
their denominators (m m = R/m*) are very nearly equal to S, making a strong 
presumption that their electromc quantum number is 3 Granted this, and 
that they have only one excited electron, that the K = 0 and 1 levels are 
absent, and that the lines in the A» band are mdeed Q hues (and not R with 
very weak F, or vice versa), the identification is mevitable. More oonolusively, 
it IS shown by Davidson, loo cU., that these levels together with the 3d ^2, 11,) 
levels given in our previous papers form a complete system whose detailed 
rotational mtervals and transition mtcnsities are m good accord with the wave- 
mechamos theory of uncoupling 

It was shown by one of us^ that most of the levels described m our previous 
papers, which give transitions to 2p^2 give rise also to lines of much longer 
wave-length, due to transitions to 2p^n. The mtervals between the 2p^2 
and 2p*n levels were thus determined in detail and with accuracy. Hence 
when we had found the bands in Table 1 we were able to test at onoe whether 
there were oorreepondmg transitions to 2p^n. Table II is the result. The 
bands prove, mdeed, to be about the strongest of those foom 3-electronio levels 

• ‘ Proo. Boy. Soo.,’ A, vol 123, p. M (1829). 

t ‘ Z. Physik,’ voL 61, p. 782 (1930). 

$ Biohardson, * Proo. Roy Soo.,’ A voL 126^ p. 487 (1930). 
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to the 2p state. Like the other HtP bands, they have an intensity distribu¬ 
tion in agreement with Davidson's theoretical calculations As before, we 
give wave numbers from Gale, Monk, and Ijec’s table, followed by their eye 
estimates in brackets In one case, marked by the letter P, the wave number 
IS taken from Poetker’s* table, being absent from Gale, Monk, and Lee’s. 
No “ properties ” of these infra-red lines are known, and the mtensity measure¬ 
ments of Kapuscinski and Eymers do not extend to this part of the spectrum. 
Davidson {loc ctt.) deduces a correlation between the mfra-red eye estimates 
in this region and the mtensity scale of Kapuscinski and Eymers It is, 
roughly (00) < 10 < (0) < 18 < (1) < 46< (2)< 66< (3). This is baaed on 
calculations for the whole 3d* system, and its justification rests on the success 
of the theory in the 4d* system, where the bands both to 2p *S and to 2p *11 
are in regions measured by Kapuscmski and Eymers. 

Smce we have previously found the rotational and vibrational mtervals of 
2p*S, those of the upper levels can be immediately found from the bands to 
2p *£. (To be strictly accurate it is only mtervals between s levels and between 
a levels which are actually observed, the whole singlet specfanim being thus 
divided into two non-combming groups, but the extreme regularity of the 
2p*£ state enabled us to compute the relative position of the two groups 
with, we believe, considerable accuracy) The rotational mtervals of 3d*A» 
and 3d*A« are shown in Table III Reference should also be made to Table 
VI, which shows the relationship between the five levels, and illustrates the 
uncoupling process. 

The constants of the levels will be considered at the end of the paper. 


Table III. 

Rotational Structure of 3d and 3d * A,. 


v-O 

v-l 

34>da v-°i0 

e a 

a 



354 04T 


S « 

• SO 451 



303 50 

347-90 




* * 274 81 

252 08 

293 18 

3 « 57 20 

« 55-81 

a - 55-38 

217-61 

196 27 

237 80 





The O' -+^0" bands from 4d*A» and 4d*Aa to 2p*S and 2p*n will be found 
m Tables lY and V. The bands to 2p*2 are obtained by extending a provisional 
• ‘ Phys. Rev.,’ vol. 30, p. 418 (1027) 
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uiangement which wo published early in 1929, and called 4 At the same 
time the necessity for the whole set of 4<P levels to form a group whose detailed 
structure and transition intensities shall be m faurly good quantitative accord 
with theory enables us to decide definitely the mterprctation of the other 
4-electtonic smglet bands, which we called provisionally 4^ A, B, C, E. Of these, 
4 18 4d except that its RO and, of course, F2, lines should be replaced by 

those of 4 K). (In the ongmal paper such Imes were called HI and P3 To 
obtam the E values the old inters have always to be diminished by 1.) 4 
as slightly modified later by one of ust is 4d , the lines ongmally called P are 
to beregarded as Q (They were at first called P m case some weak and dubious 
R Imes associated with them were genuine) In the 4d ^11, band there is 
unfortunately a choice of Imes between which it is difficult to decide with 
certamty. The possibilities are set forth m Table IV and the correspondmg 
lines to 2p are arranged similarly m Table V. The lower alternatives for the 
P4 Imes to 2p are the same as the Q4 Imes of 4d (and there is correspondmg 

mterfcrence m the bands to 2p^Il) They assume, in other words, that the 
K = 4 level of 4d^nj is practically coincident with the K = 3 level of 4d^n,. 
This, of course, is not very probable If it is so, most of the strength of the 
Imes presumably belongs to 4d since the Imes, as used in that band, are 
not perceptibly too strong It is true that if the Imes are regarded as P4, two 
of the R2 lines calculated firora them are found to exist, but practically all the 
strength of one of them (26246 05) seems to be required in the 
bands; on the other hand, it is also true that the R lines should theoretically 
be much weaker than the P lines. The Imes used by Davidson in the theoretical 
paper, loc at,, are in each case the upper of the two alternatives, they show 
on the whole a more satisfactory agreement with the theoretical mtensities; 
in &ct, the only teal objection to them is the great strength of the Q1 Ime m 
the band to 2p^n, which theoretically should be very weak Its apparent 
strength may, of course, be due to interference. An objection to the lower of 
the alternative P2 (and RO) Imes is that they are present in Fmkelnburg’s 
table, but not in Gale, Monk, and Lee’s. As a rule Finkelnburg’s table does 
not enhance hues commg from such a low rotational level, though the rule is not 
umversal On the other hand, the Imes seem too numerous to be fortuitous. 
If they belong to this band, they should probably be associated with the lower 
of the alternative P4 (and R2) lines, since the upper alternative Imes are not 
much sfaronger m Fmkelnbnrg’s table than in Gale’s. The lower alternative 

* • Proo. Roy Soc.,* A, voL 128, p. 466 (1929). 

t Bi oh atdsoii,' Proe. Bqy. Boo.,' A, v<A 126, p. 496 (1930). 
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lines are certainly much enhanced m Finkelnburg’s table, but it must be 
remembered that in any case very little of their strength can be m this band. 
It IS possible that the lines 27294-60, etc, arc really the Q4 lines of 
This gives the lower alternative interval m 4d ‘Ilj, Table VI. 

There are some fragments of the original 4^ bands still to be mterpreted. 
All the defimtely genuine lines of 4 are used m 4d with the exception of 
the K4 and associated PC lines (m the present notation) We think they may 
safely be set down in the v' — 3 bands of 3d 2p where just such lines 
are missing. In tlie same way the R1 (present notation) and R3 lines of 4C, 
together with the P3 and P5 lines, may be placed in the v' = 2 bands of 3 H), 
though this 18 open to some objection Their intensity distnbution is hardly 
what would be expected, and they predict a few uncertain lines to the v" = 0 
level of 2p ^11; if these are genuine the lines almost ccrtamly belong to the 
v' = 0 bands of some 4-electronic level No doubt the 4-cIectronjc levels of 3*K 
and 3 K) should be represented by weak bands m this region of the spectrum , 
in fact, we have been able to fit up possible versions of them, but they are not 
very certain and will not be given here 

The rotational intervals of the nd' states at v' = 0 are set out m Table VI. 
If we consider the 3d^ and 4<P systems ns a whole, we find that their rotational 
mtervals and transition mtensities, though decidedly similar, are by no means 
identical From the theoretical standpomt this is associated with the closer 
proximity of the three W\’a (see § 2) in the 4d* states At a given nuclear 
distance m the neighbourhood of the eqmbbnum value they should have, in 
rough approximation, about (})* of the corresponding separation m the 3(P 
states, and this proves to be so The result is that at the v = 0 level the 
unperturbed states (A = 0, 1, 2) are much closer together, and their action on 
each other is greater. The theory predicts, for example, that m 3d the K. = 1 
level should be depressed considerably below the K = 0 level (which is 
unperturbed), while the K = 2 level should not be depressed so far below that 
level. On the other hand, m 4d^£ the K = 2 level should be even lower 
than the K = 1 level. This is found to be so. At the same time the mtensity 
distnbntions will be modified. Takmg again the d levels as an illustration, 
the theoretical mtensity ratio of the P to the R hue from a given upper K m 
the 3d‘£ — 2p band is about 0 4 at K = 1, falling off very rapidly as K 
mcreases (bemg only about 0-08 at K —3). In the corresponding 4d^S 
band the ratio is only about 0-2 at K = 1, agam fSEilling off very rapidly 
As stated previously, the quantitative measurements in all bands confirm the 
predictions qmte well, with a few exceptions It is to be noted that from a 
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given upper K level there are m general five (or four) transitions whose relative 
intensities can be calculated—three transitions to 2p^II and two (or one) to 

It would appear at first sight that the 3, id ^ -* 2p bands should not 

exist since they break the selection rule AA = 0 or ± 1. This is accounted 
for by the perturbation theory of uncoupling which shows that the actual 
perturbed wave functions for A^ are linear combinations of the unperturbed 
functions for A = 2 and A = 1; the wave function for A, involves also the 
unperturbed function for A = 0 Thus the A levels can go down to the £ 
level 

§ 2 Energy of the Electronv' Lends and various Constants —In deducing the 
constants of the nd^A levels we must consider them not alone but m con¬ 
junction with the nd^'L and nd^Ilaj levels The five levels S, Ilj, ITa, Aj, 
Aa may be regarded as formed by the mutual perturbations of throe regular 
unperturbed levels (There are really, of course, five unperturbed levels, 
but at each K the unperturbed and TI, coincide, and so do the A» and A,) 
Davidson, loc eU,, gives diagrams showing quantitatively the relationship 
between the perturbed and unperturbed levels of the 3- and 4-elcctromc states 
The constants calculated for the unperturbed levels arc given in Table YII 


Upper State 

I Sd^S 


3d>Jrt 

1 4d>r 

4d>f7rt 


W-*, - E ", 

109«78 

1 20860 

1 33666 

-•0614 

12705 

2 84 

21120 
3J680 
- 0349 

12460 

2 81 

21606 
33670 
+ 0164 

12066 

2 76 

26400 
33566 
- 0614 

7076 

2-80 

26610 1 
33680 
- 0340 

0070 

2 78 

28870 
33670 
+ 0164 

6800 

2-76 


W'% is the miuunaro of W'j (m wave numbers) 

D is In relts, and Is the energy at W'V measured downwards from its value at inflmte 
nuclear separation In other words, it is the energy of adiabatic dissociation of the molecnle, 
arith held nuolei -* 

A is the constant term in the Rydberg formula If such formulae held accurately A should 
have the same value in all oases As the values do not differ much we can take the mean value 
SS60S wave numbers 

is the value for Sp the W«a.* in equation (A) p 32 in Kronig's book*, and A is the 
value of E", measured downwards from the minimum of W's for H| + 

B, is close to 28 8 in all the upper states, and oi« averages 2300 

* “ Band Spectra and Molecular Structure,’’ Cambridge (1B30) 


In calculating the eleotiomo conatants we have assumed that for each of the 
three unperturbed states a Rydberg formula connects the energies W\ (in 
the notation of Kronig’s book) in the various electronic levels n = 3, 4,..., the 
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nuclei being held fixed at the same separation (approximately the minimum 
of each W'» curve) This is probably an improvement on previous methods of 
treating such data. It will be seen that a single value is given for all the B^’s. 
Actually there is evidence that in the 3d‘ states Bq is slightly different in the 
three unperturbed states, though in the 4d‘ states the variation is hardly 
perceptible The three Ug’s also vary somewhat, and a mean value is given 

Combining the results m Table VII with Burrau’s value for the total negative 
energy of the hydrogen ion, we find 31 488 ^ 0 035 volte for the total negative 
energy of H| in its ground state, and hence 4 428 i 0*04 for the energy of 
dissociation in the ground state Thu differs only very slightly &om the 
result 4 465 ± 0*04 we obtained when the analysis was less detailed than it u 
now* 

Summary 

The first part of thu paper describes the bands which go down from 3d ^ A,! 
to and These bands determme theSd^Agg levels, and com¬ 

plete the 3d A complex Analogy with these S-electromc states now 
enables the previously known bands from 4-electromc states to 2p^2 and 
2p*n to be extended and interpreted fairly satisfactonly The detailed 
spacing of the 4d^S, 11, A levels as well as the dutnbution of Ime mtematies 
in the transitions from these levels down to 2p^S, II levels u m substantial 
agreement with the results of the wave-mechanics theory of uncoupling. The 
same is true of the bands coming from 3d*£, n, A down to 11. The 
existence of the bands coming from 3, levels down to 2 p^21 has a 

pecuhar mterest smeo they are the only bands known m the Hj spectrum 
which break the selection rule AA = 0 or 1 Thu infraction is accounted 
for by the wave-mechames theory. Various constants of the initml levels 
of the bands are calculated. 

* ‘ Proo Roy Soo A, vol 123, p. 467 (1929). 



77 


The Homogeneous Catalysta of Gaseous Reactions by Iodine. The 
Decomposition of Propionus Aldehyde, and a General Discussion. 

By 8 Bahustow and C. N. Hinshelwood, F B S 
(Received June 13, 1933 ) 

ItUroduelum. 

PreviouB papers* have dealt with the homogeneous catalysis of the decom- 
pomtion of ethers and of aootaldeh 3 rdc by lodme. The problem of the mechanism 
of these catal 3 med reactions can be approached m two ways: on the 
one hand, by seeking to obtain as complete a picture as possible of the types 
of chemical change which are susceptible to the action of a given catalyst, and, 
the catalysts which will promote a given cheimcal change *, and, on the other 
hand, by investigatmg in detail the kmetics and molecular statistics of individual 
reactions 

Experiments on the different kinds of reaction which lodme will catalyse 
are being published elsewhere Most of the chemical changes have involved 
too many side reactions, or secondary reactions with the catalyst, to be smtable 
for complete kmetic analysis Nevertheless, they show the chemical specificity 
of the action of lodme in the clearest manner, and this aspect of the problem is 
discussed from a general point of view in the last section of the present paper. 

In one of the now examples, that of propiomo aldehyde, the chemical changes 
have been found to be simple enough to justify a complete quantitative treat¬ 
ment. The results are of interest in that they reveal the operation of a factor 
not clearly in evidence m the examples of acetaldehyde and of the ethers 
previously studied, namely, a deactivating mfluenoe of the molecules of the 
reacting substance itself. Recognition of this factor leads to a more general 
and comprehensive view of the processes of molecular activation and de¬ 
activation. 


Catalytei Decompositum of Propiontc Aldehyde. 

The method of measuring the rate of reaction has already been desenbed. 
The iodine used as catalyst was prepared in sUu by decomposing isopropyl 


* QIaas and Hmshelwood, ‘ J. Chem. Soc.,’ p. ISIS (19S0), Clnsius and Hinshelwood, 
* Froo. Roy. Soo.,’ A, vol. 128, p. 82 (1930), dusias, ' J. Chem. 8oo.,’ p. 2607 (1930). 
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iodide. The course of the reaction corresponds fairly closely to the equation 
G|H,CHO = C,H, + CO. The products were found to have the com¬ 
position :— 

Carbon dioxide .. — 

Unsaturated hydrocarbons . 2*0% 

Saturated hydrocarbons . . 46*7% 

Carbon monoxide . .. ... 62*3% 

The saturated hydrocarbons gave on combustion Gas * Contraction * Oxygen 
used = 1 ’00.1 ‘93: 2*43 : 3*37, and thus consist almost entuely of ethane 
The pressure mcrease on decomposition is 80% of the initial pressure, instead 
of the theoretical 100%. This can be accounted for if 10% of the aldehyde 
condenses to products of high molecular weight. Since the extent of tbe 
condensation reaction is not very large, it can be corrected for accurately 
enough by substituting the observed “end-pomt” for the measured mitial 
pressure in the kinetic equations. (There is evidence that the condensation is 
a heterogeneous reaction, and is probably approximately of the first order.) 

The catalysed decomposition is homogeneous, as shown by expenments m 
a “ packed “ vessel. 

For a given imtul pressure of the aldehyde the rate of reaction is directly 
proportional to the concentration of catalyst, at least over a certam range. 
No expenments were made m which the concentration of catalyst was com¬ 
mensurate with that of the aldehyde. 


Table I.—^Temperature 398*6® C. 


C»U]y»t, c. 

<1 

1, r 

’Ts 

- 

190 

437 

ff 0 

07 

486 

10-0 

47 0 

470 

11 6 

39 

448 

le s 

26 

420 

20 0 

22 

440 

27 5 

17 

468 


For a given concentration of the catalyst the course of the reaction is not 
represented by a first order equation Unimolecular velocity constants show 
a regular and quite marked increase as the change proceeds; the ratio 
instead of being 2-0 is between 1-60 and 2*0. Moreover, the value of the 
half life, increases as the imtul pressure of the propionic aldehyde increases; 
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that 18 , the aldehyde itself has a oertam retarding mflaence on its own de¬ 
composition. 

These observations can be correlated by the aid of a simple hypothesis. 
Activation is assumed to take place by the collision of an aldehyde molecule 
with an iodme molecule. But instead of immediate reaction there is a short 
time interval during which the iodine and the aldehyde remain associated 
as an activated complex. If the latter suffers a further collision with an 
aldehyde molecule it may be deactivated. Let n bo the concentration of 
nor mal molecules of aldehyde, o that of catalyst molecules and X the con¬ 
centration of activated complex established m the stationary state, then, since 
the rate of the unoatalysed readaon is negligible, we may wnte 

ii.n.o —i, n.X —i,.X = 0 

The first two terms are the rate of activation and deactivation respectively 
and the last term is the rate of transformation of the complex into the products 
of reaction From the equation we find for the rate of reaction 



Thus if a 18 the original amount of aldehyde, x the amount transformed at 
tune t, and — 6, 

^ = k. c. {a —X ) 
dt 1 -f- 6 (a — ») 

Thus 

k.o ( = log|^-^-^)-f te. 

The value of 6 may be found from the ratio of the three-quarter life to the half 
life, since 

h log4-|-0»76 6a 
log2-l-0'60 6o’ 

Also in terms of we have 

That the formula represents the course of the reaction is shown by the figures 
in Table II. 

According to the above formula, tf, for a given catalyst concentration, 
should give a straight Ime when plotted against a. From the slope and inter¬ 
cept of this line an independent value of 6 can be found. The linear relation 
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Table II.—Temperature 366-6“ C. a = 168, 6 = 0-00766. 


0 0184 
0 0187 
0 0185 
0 0181 
0 0179 
U 0183 
fl 0180 


is satisfied m practice as long as the ratio of aldehyde to catalyst remains 
large. For quite small pressures of aldehyde the value of decreases too 
rapidly, but at the same tune the course of the reaction changes as shown by a 
fall m the “end pomt." For this reason results for the lowest pressures of 
aldehyde m Table III are ignored. 


Table III —^Temperature 366“. 20 mm decomposed iodide. 


a. 

o/p. 

4 

(4 - 4»/s. 

872 

0 80 

104 

0 232 

249 

0-79 

99 

0 233 

227 5 

0 80 

94 

0 233 

136 

0-79 

72 

0-228 

73 6 

0 79 

j 68 

0 231 

(40 5 

0 74 

i 

~ ) 

(12 8 

0 64 

23 

- ) 


o/po 18 the ratio of the observed pressure mcrease to the mitial pressure. 
The slope is 6/2/bc and the intercept, 41, is log 2/ibc. The mean value of the 
slope being 0-231, 6 = 0 231 x 2 X 1<^2/41 == 0 0078 
Using this value of b, the course of a curve for a given imtial pressure should 
be correctly represented. The calculation of the ratio t^|t^ is enough to test 
the agreement since the general appbcability of the formula has already been 
shown. 



(oalo^ted) 

4/4 

(ofa^rved) 

78-6 

1 86 

1 86 

163 

1 77 

1 78 

272 

1-71 

1-79 
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If there were no deactivation by aldehyde molecules, the rate of reaction 
would be t. n. c This is therefore the quantity which should be compared 
with the number of collisionB between aldehyde and lodme in considenng the 
molecular statistics of the reaction The quantity directly measured m any 
experiment is Jfcc Thus the absolute value of k depends on the umts in which 
c 18 measured The unit used is that concentration of iodine which produces 
a pressure of 1 mm. at 400° C In determming the temperature coefficient of k 
6 67 mm iodine were used at each temperature but were expressed in terms 
of the above imit for the calculation. 

k was worked out for five temperatures Smee the value of b is sensitiive to 
small errors in the ratio the mean value of this ratio at each temperature 
was determined m several expenments 

Tabic IV 

J; (avenge) X 10*. | it (oaloulated) X 10* 


0-760 0-767 

1 05 1 46 

2 68 2 77 

6 30 S 08 

9 16 9 09 


The calculated values correspond to the equation 

log.t = 20 608-?^ 

The reaction, being homogeneous, must depend upon the collision of lodme 
molecules with aldehyde molecules At 673° abs. with 760 mm. aldehyde 
and 6-67 mm. of iodine the number, Z, oftbese collisions is found from the usual 
formula* to be 4-60 X 10**. For the calculation the value of the mean 
diameter, is taken as 6 x 10~* cm The number of collisions which can produce 


Tempenture 

(abaolnto) 

k X 10*. 

609 

0 766 


0 766 

623 0 

t 65 


1 66 

638 0 

2 68 


2 69 

663 0 

5 29 


5 24 


6 37 

668 6 

8 84 


9 16 


9 -10 
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activated nudeonles is Zs~*^ if the energy vdiioh coonts as activation energy 
resides in two square terms B, corrected for the variation of oollisioii number 
witii temperature is 32,800, whence the above expression is found to be 
0-94 X 10i« 

The actual rate of reaction at 760 mm. pressure is much leas than the rate 
(d activation, on account of the deactivation of the active complexes by the 
ddehyde, but k.n.o gives the rate when 6 = 0, that is, the rate if there were 
no deactivatiim This is the quantity which should be compared with Z. 

At 673° aba. k for 1 nun.lodmeis 0-0107, and thus k ». o = 0-0107 X 1 *1 X 
10^ X 6-67 = 7-9 X 10^^ molecules per cubic centimetie per second. This 
IS 84 times greater than the number calculated above for two square terms. 
For the unoatalysed decomposition the correspondmg discrepancy is about 
400 The differences, as is known, can be accounted for by the mtiroduction 
of extra square terms m the activation energy. It is dear that fewer are 
required for the catalysed reaction In some examples of iodine catalysis, 
such as the decomposition of isopropyl ether, the number of square terms reduces 
to two for the catalysed reaction. With propionic aldehyde the simplification 
of the activation mechanism, although considerable, has apparently not gone to 
tile full extent where the energy is communicated m a collision to a single vital 
degree of freedom, as would be mdioated if only two square terms were required. 
When activation eneigy is distnbuted in more than one degree of freedom, 
internal rearrangement of energy probably has to occur before decomposition 
Thus the activated molecule, or complex of molecule and catalyst, may have a 
fimte life, and therefore be subject to deactivation. It is significant, therefore, 
that, precisely in that catalysed reaction requiring the greatest number of 
square terms to account for its rate, a marked deactivation &otor makes its 
appearance, as shown by the 6 term in the equations. 

General ConstdenUxone about Activation and Deactivation in Catalyaei 
Beaotions. 

Bvidence from many different types of reaction now shows that almost any 
mdecnles presmit are capable of activating or deactivating to a greater or 
ionallm- exent. When this is taken into account, the most diverse relations 
between rates and concentrations are all seen to be denvable from one general 
formula by variation m the relative values of spedfio numencal constants. 

Suppose there is a catalytic reaction in which molecules of a reactant, oon- 
oentiation n, can be activated by oollisicni with one another or by collision 
with molecules of a catalyst, oonoentration o. For generally, we will assume 
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that the molecules activated by the catalyst remain associated with it in the 
form of a complex which may be deactivated by colhsions either with catalyst 
molecules or reactant molecules. Active molecules produced by colhsum 
between two reactant molecules can be deactivated m the same type of collision 
In the absence of catalyst the decomposition of this kind of active molecule 
gives rise to the well-known quasi-ummolooular reaction. In presence of 
catalyst, the energy of activation of the catalytic complexes is so much smaller 
that these latter are responsible for practically the whole decomposition. 
Equating rates of production, deactivation and chemical transformalion of the 
activated complexes, of which a stationary concentration X is established, we 
have 

c — Ajj n X — i* c X — it} X = 0. 


Whence, rate of reaction 




‘ «+ P.c f 1 


When A] and arc very small or is very largo the rate of reaction is directly 
proportional to the catalyst concentration and the whole change is of the 
first order. With acetaldehyde and some of the ethers catalysed by iodine 
this state of aflairs is nearly realised If A^ is small, the formula reduces to 
the one used m the last section, and accounts for an increase m the half life 
of the reactant with its own initial pressure. This effect is marked with pro- 
piomc aldehyde, but it is also observed that such departures from a strictly 
first order reaction as are found with the ethers (compare diisopropyl ether 
and methyl ethyl ether) are m this same direction 

If, on the other hand A:, is small but k^ is comparable with k^, then the 
reaction rate will not bo Imcorly proportional to the catalyst concentration 
but will approach a limiting value as this is increased. Some particularly 
marked examples of this effect in vanous stages of development are to be found 
in the catalytic decompositions of the simple aliphatic attunes by iodine 


General Dtsouanon of Iodine Catalyns, 

In this and previous papers most of the possible Idnetio relations have been 
exemplified and discussed. It now remains to survey the results as a whole, 
to see whether any generalization can be made about the relation between the 
properties of the catalyst and the structure of the compounds which it influences. 

Since the results have not been collected together in any of the previous 
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papers, it will be convenient to tabulate below the various t 3 rpee of reaction, 
involving different molecular structures, which have been investigated. 

(a) Decomposition of Ethers — 

Rj.O.CHC-►RiH+ MX). 

This reaction has been found to be catalysed m the examples of dusopropyl, 
diethyl, isopropyl methyl and ethyl methyl ethers. The rate of reaction is 
multiphed by a factor varymg from 10* to 10* by the presence of 10 mm. lodme. 

Dimethyl ether is not catalysed, and m the mixed ethers oontammg a methyl 
group the movement of hydrogen is predominantly from the other group to 
the methyl. 

(b) Decomposition of Aldehydes — 

R.CHO--RH + tX). 

Aceteddehyde and propiomc aldehyde are both catalysed, the acceleration 
produced by 10 mm lodme being of the order 10* 

(c) DecomposUton of Ketones —The decomposition of acetone and of methyl 
ethyl ketone is not catalysed 

(d) Decomposition of Alcohols —Methyl alcohol is not catalysed by a factor 
of more than three. 

(e) Decomposition of Alkyl Halides. —’Ethyl chloride and ethyl iodide are not 
catalysed With ethyl bromide the rate is approximately doubled by 10 mm. 


(/) Decomposition of Eders —^Under tiie influence of iodine the foUowmg 
reactions have been shown to occur, with methyl formate and with methyl 
acetate respectively 

H.CO.OCH.<,^ 

CHjOH + CO 

CH, CO OCH,-►CHaCHO-f HCHO. 

The rate is multiphed about 60 times for 10 mm. iodine. 

{g) Decomposition of Acids.—The reactions 


^ H,0 + CO 




H, + CO, 


and the decomposition of acetic acid are unoatalysed. 
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(A) IkoomposU,%on of Simple AUphatus Anunes — 

Rj-►R,H + R,.CH:NR, 

vanoui products. 

With dieth 3 dainine and tnethylamine the rate u multiplied by faotore of the 
order 10* by 10 mm. lodme, while with the correspondmg methyl compounds 
the factor is only of the order 10. Ethylamme is catalysed to a qmte small 
extent 

(t) Decomposition of Hydrocarbons —^Iodine exerts a small effect on the 
decomposition of hexane, but how much of it can he called catalytic is not 
certain 

The numerical factors which have been given are only approximate, since 
the conditions of comparison are not exactly the same in the different examples, 
but the differences are so striking that there is no difficulty whatever about 
classifying them It appears that, whenever there is any marked degree of 
catalytic influence, the reaction can bo formulated as the movement of a 
hydrogen atom accompanied by the rupture of a bond * Ethers, ammes, 
esters and aldehydes are all strongly catalysed The reactions of the amines 
are analogous to those of the ethers, and the reactions of the esters to those of 
aldehydes or ethers 

The catalysis depends both on the nature of the bond to be broken and on 
the mode of attachment of the hydrogen atom, as may be seen by contrasting 
methyl ethyl other with methyl ethyl ketone, on the one hand, and with 
dimethyl ether, on the other Methyl ethyl ether is catalysed . the ketone, 
which contains a sumlar set of hydrogen atoms, and which might qmte well 
decompose mto methane and methyl ketone, is not catalysed Dimethyl 
ether, which oontams the C—O—C bond but no methylene hydrogen, is 
also not catalysed The insensitivencss of dimethyl ether is reflected m the 
relatively small catalysis of the methylammes compared with the ethylamines. 

All the kmetio results prove that the energy of activation of the cataljrsed 
reaction is very much smaller than that of the unoatalysed reaction, e.g., with 
diethyl ether 34,800 compared with 53,000 calories Furthermore, the activation 

* The deoompositHni of nitrous oxide is strongly oatalysed by iodine. The eSeotive 
oatalyst is the iodine atom, so that the process is different those disouaaed here. The 

rate^of the reactions dealt with in this paper is usually directly proportional to the iodims 
oouoeutration at least over a wide enough range to show that the rooleoule and not the 
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mechanism is maoh simpler, the enei^ transferred in the encounter with the 
catalyst being located in fewer degrees of fi^om. To take an extreme 
example, diisopropyl ether can be activated by collision with molecules of its 
own kind. The energy of activation is 60,600 calones and is distnbuted 
throughout Ihe molecule in at least 13 degrees of freedom In the catalysed 
reaction only two square terms are necessary to account for the rate, and 
thus the much smaller amount of energy, 28,600 calories, appears to be made 
effective by bemg brought by the iodine to one vital degree of freedom. 

The first question arising is whether there is any obvious mechanism whereby 
the iodine can place energy selectively in one bond of a molecule.* A property 
common to all the molecules which are subject to any very marked influence 
of iodme is the possession of a dipole moment, and with the ethers, esters and 
ammes there is a moment located precisely in that bond which is broken in 
the catalytic reaction. The lodme molecule is known to be a very easily 
polarizable structure,! and therefore, as it approaches a molecule with a dipole 
moment it will have a moment mduoed m itself, and will be attracted to the 
position of the ongmal dipole. The dipole aggregate may sometimes have a 
life considerably longer than the normal duration of a collision,! but, even 
without tbs, the orientation of the iodine with respect to the bond is un¬ 
usually favourable for the transfer of vibrational energy. Ordinarily, as shown 
by evidence of several different kinds, such transfers are highly specific, and 
may be difficult unless helped m a way such as that suggested here Since 
this intimate association at the vital pomt can occur, a whole senes of degrees 
of simplification of the activation mechanism are possible, up to the ideal linut 
where the lodme places the requisite energy straight into the weak bond and 
immediately breaks it. This pomt of view uuphes that the energy of activation 
IS mostly stored as vibrational energy of the lodme molecule. As far as the 
mathematical evidence goes, it might equally well be the kinetio energy of 
approach, but if the relative veloaty of the molecules is too great, there is 
unlikely to be time for onentation and, therefore, there will be no selective 

* An extreme view of the prooeas would be to aaeome a definite Mries of ohemksl 
leMtkms, ap., CH,qHO + I, » CH,I + HIH- 00, and CH J + HI - CH* 1,. Apart 
from the fact that auoh a formulation would be diffionlt with the eaten, it ia not helpful, 
beoauae, while leaving unanswered the question as to how the iodine inflneocee the bonda 
in the other moleoule, it raiaes yet another question, namely, why the prooeas should be 
leaolved into two definite stages. 

t llw molecular relrtotloo of iodine is 32 oompved wHh values of 2 OS for hydrogen 
and 4-15-for the C ~ 0 system. 

! If a definite dipde aggregate is formed with a finite life then it is eaqr to see how the 
de^vation pomtUlity appears^ as with propioaie aldehyde. 
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placing of tlie energy. (If dipole forces are in action, there may also be a 
somewhat augmented “ collision diameter.”) 

So &r we have only been concerned with the directing of the energy to the 
vital pomt m the molecule, and with the ease of transfer. The energy of 
activation of the uncatalysed reaction, being wastefully distnbuted, is prob¬ 
ably far greater than the actual work required to break the bond. In preaenoe 
of iodine it may be more nearly a measure of the bond stiength,* so that there 
will be a lowering of E to the extent of the ongmally wasted energy. But, 
in addition, the iodine probably weakens the bond itself and loosens the 
hydrogen atom. The extent to which this occurs is impossible to estimate, 
but relevant factors are the known affimty of iodine for hydrogen, and tiie 
loose attachment of the outer electrons m the iodme molecule. The whole 
complex of processes occurring seems to possess oertam suggestive anali^es 
to the proton donating and accepting mechanisms of acid and basic catalysis 
in solution. 

Wc are indebted to the Royal Society and to Imperial Chemical Industries, 
Ltd., for grants for the purchase of apparatus. 

Summary 

(1) The homogeneous decompositioD of propiomc aldehyde, CjHjCHO 
CgH, -f CO, 18 catalysed by lodme, the rate being proportional to tiie catalyst 
concentration, and increased about 10* times by 7 mm The aldeh 3 rde itself 
exerts a deactivating influence on the active complex mvolved m the reaction. 
Allowing for this the kmetics of the process can be accounted for quantitatively. 
The molecular statistics of the reaction are discussed, and compared with 
analogous examples 

(2) A general theory of activation and deactivation by all the types of 
molecule present m a system is shown to explam the apparently diverse 
relations between rates and concentrations in various classes of oatidytio 
reaction. 

(3) From a general survey of the types of reaction which have been found to 
be markedly catalysed by lodme the following general oonclumona are drawn. 

* itom the nther Ngnlar tread of ootivatioii raergies m the series of homologotu ethers, 
that of the “ oatalysed deooa 4 KMiti(tt ’’ of dimethyl ether can be estimated at about 42,000 
oaloriei. lliis is the only one of tiie B values vhkb exceeds the heat of dlssooiatian of 
iodhae to aqy extent. Whether this is oonneoted with the noa-oooimenoe of the oatalytio 
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All the reacticMiB which are catalysed inrolve the movement of a hydrogen 
atom, and the breaking of a bond (although the decomposition of dimethyl 
ether, which can be formulated in this way, u not catalysed). In general the 
energy of activation of the catalysed reaction is very much lower than that of 
the uncatalysed reaction, and this energy, instead of being distributed through 
the whole molecule, appears to bo placed m a part of the molecule where it 
can be efficiently used m bieakmg the bond The existence of a dipole moment 
in or near the bond broken su^^ests that the selective energy transfers are 
favoured by polarization and attraction of the lodme molecule Actual 
weakemng of the bond and loosening of the h 3 rdrogen atom in the presence of 
the iodine must, however, be assumed also to play a part. 


On a New Type of Expansion Apparatus 
By C. T. R Wilson, P.R.S 
(Received July 8, 1933 ) 

The cloud-chambers hitherto used for the photography of tracks have all, 
so far as I am aware (with the exception of the Shimizu apparatus), been 
essentially of the same type. A definite volume change has been produced by 
the rapid motion of a piston or plunger (forming the “ floor of the chamber) 
which has been suddenly brought to rest by striking agamst a base plate 
While the volume thereafter remains constant the pressure moreases as the 
temperature within the chamber rises 

Whether a water, oil, or rubber “ seal ” is used to prevent leakage past the 
piston, rather exact workmanship is required in the construction of the 
apparatus; and the original form with the water-seal can hardly be used 
except with the axis vertical and with the plunger forming the bottom of the 
chamber. 

In the apparatus now to be descnbed the expansion is made by suddenly 
reducmg the pressure from one definite value to another; the pressure 
thereafter remains constant whde the gas expands as a result of the rising 
tanperatnre. 

The usual method of making the expansion by the sudden displacement 
of one end of a shallow cylinder avoids the stirring up of the air at the moment 
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of expansion. This form of the apparatus lends itself also to the mamtenance 
of an approximately uniform eleotrio field withm the chamber. 

In the new type of apparatus these advantages are retamed by giving the 
cloud chamber a fixed “ floor ” of wire gauze through which a portion of the 
air escapes at the moment of expansion The mechanism for allowing the 
pressure fall is attached to a second chamber separated from the cloud- 
chamber by thu gauze partition. Any turbulent motion is prevented from 
reachmg the cloud-chamber proper by the mre gauze partition, which also 
forms a convement electrode for mamtammg the necessary electric field. 
The necessary fall of pressure is effected by suddenly opemng commumoatiou 
between the second chamber and the atmosphere or a large vessel at the 
desired final pressure. 

If it 18 desired always to use the same gas in successive expansions, this gas 
is kept separate from the atmospheric air by a sheet of thin elastic membrane 
across the second chamber. 



For the purpose of testing the working of this type of cloud-chamber the 
apparatus shown m fig. I was designed. It was constructed m tho workshop 
of the Cavendish Laboratory by Mr. P C Ho It is shown as used for working 
with a final pressure equal to that of the atmosphere. The cloud-chamber 
is about 16 centimetres m diameter 

Two glass cylinders, separated by a brass rmg, to the top of which is soldered 
the wire gauze partition, are bolted together between the roof (a brass rmg 
with a glass disc cemented into it) and tho brass base plate. The base-plate 
has a central aperture to which is connected the mechanism for makmg sudden 
communication with the atmosphere. Eubber rings are inserted between the 
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glass oylmdem and the brass plates or rings to make an air-tight seal. The 
wire gauze partition is of copper wire about 0*2 nun. in diameter, spaced 
1 mm. apart. A piece of similar gauze was inserted over the moutii of the 
aperture in the base-plate with the object of damping the oscillations of the 
air column 

A sheet of thin balloon rubber is inserted below the lower glass cylinder; 
it is shown in the position it occupies when the air is m its compressed condition 
before an expansion. 

The central brass ring which carries l^e gauze partition is insulated by the 
glass nngs, so that the potential difference required for the removal of ions 
may be maintained between it and the rest of the apparatus. 

The central nng is bored below the level of the gauze to receive two side- 
tnbes, provided with stopcocks, for adrmttmg gas and for connecting to a 
gauge for the measurement of the mitial pressure 

The initial pressure is adjusted to the value required to give the desired 
expansion by pumping air mto tiie space below the rubber sheet, ^tiiile 
the communication with the atmosphere or low pressure chamber through the 
wide exhaust tube is closed. 

The sudden expansion is effected by suddenly opening this commumoation 
by the same kmd of mechanism as is used m the ordinary type of expansion 
apparatus 

After some preliminary tests made by Mr Ho m the Cavendish Laboratory, 
the apparatus was farther tested by Mr Ho and Dr. E. C. Halliday at the 
Solar Physics Observatory by taking a number of track photographs. Arrange¬ 
ments for illumination and for timing tiie operations were in roadmess for 
use with my old expansion apparatus, which was being applied by Dr. HaUiday 
in an attempt to detect penetrating radiation from thunderclouds The new 
experimental apparatus could easily be substituted for the old, and a number 
of photographs of tracks duo to electrons ejected by X-rays and to a- and 
p-rays were obtamed 

These photographs do not appear to be infenor to those obtained with 
the old apparatus Farther tests are being made on such pomts as the extent 
to which the expansion is oscillatory, and the best amount of dampmg to be 
mtioduoed mto the exhaust tube. But even without farther improvements 
on the form described above, whrah is that of the original design planned to 
test the poBsibihtiee of the method, the apparatus is suitable for giving good 
track photographs. 

The apparatus is extremely simple to oonstruct, and admits of much greater 
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Tariations in shape or size than the older form, and it may be placed in any 
position. 

It should be noticed that the thm rubber sheet is not really an essential 
part of the apparatus. If it is omitted, fresh dust-free air or gas has to be 
admitted after each expansion to replace that which has escaped. This may 
be a convenient method in oertam mroumstances, as for example, m experiments 
at low piesBuies 

One might ask whether there is any advantage, apart &om practical con- 
vemence, in makmg the expansion consist m a defimte volume change followed 
by an mcrease in pressure as the temperature rises, or in a definite pressure 
change followed by an increase m volume So far as there is any difierenoe, 
the advantage would seem, for certain purposes, to he with the second method. 
For here the rise of temperature in one part of the cloud-chamber, due to 
heat conduction from the walls or condensation to form cloud, does not, as 
in the first method, cause simultaneous compression and consequent rise of 
temperature in the rest of the chamber; after an expansion a longer interval 
of time may therefore be available m which the super-saturation necessary 
for the production of sharp tracks persists. 

It may finally be pomted out that the apparatus which has been descnbed 
may be converted mto one of the defimte volume-change type with exceedmgly 
light moving part by inserting the thm rubber sheet above instead of below 
the lower glass cylinder (t.e , immediately below the wire gauze) and placing 
below it a perforated platform against which it is tightly pressed by a large 
excess pressure at the completion of the expansion, the rubber sheet, the 
imtial position of which is vaned accordmg to the expansion required, takes 
the place of the movmg plunger or piston of tiie older typo of apparatus 

Summary 

A new type of expansion apparatus is descnbed which is more easily 
constructed than the usual form, and is less restricted as to the size and 
shape and position of the cloud-chamber. 
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The Motum of a Rotor carried by a Flexible Shaft in Flexible 
Bearings. 

D. M. Smith, D.Sc 

(Corainunioat«d by 6. Ston«y, P R 8.—Received February 7,1933.) 

(1) IfUfoductton. 

11 —Scope of Investtgation.—Tha paper discusaes the transverse motion 
of a rotor carried by a flexible shaft rotating m flexibly-supported bearings. 
The rotor is assumed to consist of one or more rigid bodies mounted on a 
shaft which is weightless and torsionally ngid. The rotor and shaft are m 
rotation; in the first place, it is taken that the speed of rotation is maintained 
constant, dnvmg torques bemg applied if necessary about the shaft axis. 
Unsymmetncal flexibility of the bearing supports and unsymmetrical transverse 
flexibility of the shaft are taken into account, and the effect of damping which 
resists change of stram of the flexible members of the system u also considered. 
The work is mainly analytical, but reference is also made to experiments which 
have been oamod out. 

12. D^mltoiu—The flexible members (shaft and bearmg supports) are 
described collectively as the mounting An unstable speed is a speed of 
rotation at which a rotor, after receiving a small initial displacement from its 
equilibnum state of motion, tends to increase its amplitude of vibration beyond 
aU bounds; while a cntical speed is a speed at which out-of-balance alone 
tends to set up vibrations of very great amplitude. 


(2) Rotor consisting of a Single Concetdrated Mass 
21. Equations of Motion —Axes OX, OY, OZ are chosen fixed in space 
such that OX, the bearmg axis, coincides with the 
K , ^ centre bne of the undeflected bearings and OY, OZ 

\ / li® transverse plane in which the concen- 

\ trated mass M moves when shaft and bearings 

deflect. For reference, rotatmg axes OU, OV are 
j also employed; these axes revolve in plane YOZ 

with the same constant angular velocity u as the 
rotor, BO that at tune t the angle made by OU with OY is ad. (Fig. 1.) 

Let y, sin fixed axes, or u, e m rotatmg axes, be the co-ordinates of the rotor 
centre, that is, the pomt m the rotor which coincides with 0 when the mounting 
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is nndefleoted; then y, e or u, « denote tiie total deflection of the monnting at 
the point of attachment of the rotor. Let y„, or u^, be the co-ordinates 
of the centroid of the mass M When the rotor is m perfect balance y„ = y, 
*„ = 2 , «„ = u, 0 *, = «; but when the balance is imperfect (due to lack of 
imtial straightness m the shaft or to eccentric mounting of the rotor) the 
relationship in rotatmg co-ordinates is u„ = u-\-g, = v -f- A where g, h 

are the out-of-balance displacements which are constant m rotating axes 
The equations of motion of the rotor are 

My„-F, = (), M2„-F, = 0, 

where F,, F, are the forces actmg on the rotor in directions 0 Y, OZ respectively 
Transfemng to the co-ordinates which express deflection of the mountmg. 


these equations of motion become in fixed axes 

My — F, — Mw* (y cos oit — A sin cot) = 0 (1) 

M* — F, — M«*(y8m cot-f-Acos cot) = 0, (2) 

or m rotating axes, 

M (u — 2<oo — <o*m) — F„ — Mco^ = 0 (3) 

M (« -f 2<ou — co*e) — F, — Mco’A = 0 (4) 


The apphed forces Fy, etc,, mclude (a) mounting forces, both clastic and 
damping, apphed through the mountmg and due to stram of the mountmg, 
and (b) external disturbing forces apphed otherwise than through the mounting 
So far as (a) is concerned it is assumed that the reaction transmitted m any 
principal direction across any member of the mountmg is the sum of two 
terms, one (the elastic force) being proportional to the stram of the member, 
and the other (the damping force) bemg relatively small and proportional to 
the rate of stram of the member It is also assumed that the shaft does not 
cross clearances m the bearings, so that deflection of the rotor may be completely 
expressed in terms of stram of the members of the mountmg Hence, for 
any given orientation of the shaft in the beanngs (t.e, for any given angle 
UOY) the terms representing elastic and damping forces are Imear functions 
of the co-ordinates and their first derivatives As the shaft rotates m the 
bearings the coefficients of those co-ordinates may vary so that the complete 
expressions m the equations of motion may mclude periodic functions of the 
time The only external disturbing forces (6) considered are constant or are 
penodio functions of the time It follows that the equations of moticHi, 
expressed either m fixed or m rotatmg co-oidmates, are always linear differential 



94 


D. M. Smith. 


equations (not neoessaiily with constant coefficients) Further, the oot-of- 
balance terms and the external disturbmg forces do not affect the comjde- 
mimtary function and therefore do not influence the stability of the motion, 
but merely detemune the particular integral and hence fix the amphtude of 
the steady station of motion. The form of the out-of-balance terms in the 
equations of motion shows that out-of-balance has the same effect as an 
externally applied force of constant magmtude rotating m plane YOZ with 
the rotor speed, and therefore that a critical speed is a speed at which the 
intern IS in resonance with such a disturbmg force. In subsequent analysis 
external disturbances and out-of-balance terms are to be taken as zero unless 
the contrary is expressly stated. The generality of the mvestigation as to 
stability of motion is not thereby diminished 
2 2 Sytnmelnoal Shaft, Symmdnoal Bearingt —^The shaft and the bearings 
have elastic and damping characteristics uniform m all transverse directions 
Where the constramt exercised on the shaft by the bearings is such that the 
reactions at the bearmgs are statically determinate, the relation of the reaction 
across any member of the mounting to the resultant mounting forces is 
determined solely by the geometry of the system, and the total deflection 
(y, z) or («, v) of the rotor centre is the sum of two independent parts, of 
which one {if, z') or (u', v') arises m deflection of the bearing supports and the 
other (y", z") or (u", «") arises in deflection of the shaft The bearing 
characteristics are such that 

F,^-hy-ey 

F,= -6'z'-oV, 

where c' is the stiffness coefficient and 6' the damping coefficient of the bearings 
The shaft charactenstios must be expressed m the first place in rotating oo- 
ordinates, since damping in the shaft is brought about by change m configuration 
of the rotating shaft, the characteristics are 

F, = — b"u" — c"tt" 

F, =• — b"v" — c"v", 

where c" is the stiffness coefficient ai^ b" the damping coefficient of the shaft, 
b' and b" are assumed so small compared with o' and o" tiiat the damping 
forcee are small compared with the elastic forces The shaft charaotensbcs 
when transferred to fixed co-ordinates become 

F, = — 6"(y" -f toa") — o"y" 

F, = -6"(*"-«y")-o'V'. 
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The terma in ci> tepcesent the oiroumferential drag expenenced if a rotating 
shaft with inherent damping is held deflected at a fixed position m space. 
From the relations y = y' + y", s = s' + z" the forces may be expressed 
as follows correct to small quantities of the iiist order — 


and hence the equations of motion of the mass M may be written— 
y + (m + n)y+<af«:+{;^ = 0 
2 -f (m + ») 2 — <eny + (i2 = 0, 


where m = ~ () -= stationary dampmg coefficient representing effect 
of dampmg m the bearmg supports; 

n = ^ I , f „ ) =B rotating dampmg coefficient representing effect of 
Mc+c' , ..iiA 

dampmg m the shaft, 


When there is no dampmg the equations of motion take the simple form 
y-^jxy — 0, z \jLZ — 0 , the free motion is simple harmomc, and therefore 
always stable, the angular frequency of this motion is Vp m either transverse 
direction, so that the critical speed is given by to = Vp, Frequencies and 
speeds are stated thronghout this paper in radian measure. 

When there is stationary dampmg but no rotary dampmg the equations 
separate out to y4-»»»y+py = 0. z + mz+ \iz==0; the free motion 
is damped oscillatory and is therefore always stable; ontical speed is still 
given by CO = Vp correct to small quantities of the first order, but the 
amphtude of steady motion due to a given out-of-balanoe remains finite at 
the critical speed. 

When rotary damping is present, either with or without stationary damping, 
the equations of motion are coupled by the terms cone, cony, and the deter- 
minantal equation formed from them is of the fourth degree. The stabilify 
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of the motion is conveniently exanuned by Rooth’s oritenon* and it is found 
that the motion is stable np to the speed 

and is unstable at all higher speeds. Hence a system which mcludes rotary 
dampmg but no stationary damping is unstable at all speeds above the critical 
speed; while a system which contains both stationary and rotary damping 
IS unstable at all speeds above a certam transition speed which is higher than 
the cntical speed. 

A detailed investigation of the character of the free motion can be made by 
transfonnataon to polar co-ordinates It is found that at any speed the free 
motion IS compounded of two whirls, each m an Archimedean spiral, one with 
the direction of rotation and the other against it, the angular velocity in 
either spiral is approximately V|x. At speeds below the transition speed 
both spirals are of decreasing amplitude, but at speeds above the transition 
speed the whirl in the direction of rotation is of mcrcasing amplitude. The 
physical explanation of the tendency of dampmg m the shaft to produce 
instability at super-cntical speeds may be realized by noting that if there is 
a possible free vibration, without dampmg, which consists of citoular motion 
about the bearmg axis m the direction of rotation, then rotation of a damped 
shaft at any speed higher than the free vibration will urge on that mobon and 
therefore tend to increase its amplitude. 

Investigation of the out-of-balance motion shows (as might have been 
expected from physical theory) that stationary dampmg restnets the amplitude 
of out-of-balanco motion but rotary damping does not. 

It was first suggested by Kimballf that rotary firiction is a possible cause 
of shaft whirling at high speeds, and Newkirk outlmed the physical explanation 
of morease of amplitude by rotary friction at high speeds, and showed 
experimentally the building up of tiie whirl m shafts where rotary friction 
due to crampmg fit was present. Similar phenomena have been observed 
as occurring erratically m model rotor tests where there was no deliberate 
provision of rotary damping, but where occasional slight workmg loose of the 
rotor on its shaft may have permitted a rotary frictional effect. 

2 3. Symmetrical Shaft, Vneynmetrtoal Beanngs .—^In this qrstem the 
shaft charactenstics remain symmetrical, but the stiffness and dampmg of the 

• * Advanced Dynamic*,' par 287. 
t Newkirk,'Gen. Elec Rev.,' vol 27, p. 169 (1924). 
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bearing snpporta vary m different transverse directions. (These oonditions 
are often realized m practice since the bearings of machines with horizontal 
shafts are usually more flexible m the lateral than m the vertical direction). 
Choose OY, OZ m the direction of the pnncipal axes of bearmg stiffness and 
in the first place take the pnncipal axes of bearmg dampmg effect as m the 
same direction. Then beanng charactonstics are 
F, = - b\f - c'ly' 

F. = - 6',2' - cV' 

where b\ differs from b\ and e\ and The equations of motion formed in 
the same way as in the previous paragraph are 

y + (»Mi + “i) + Miy = (7) 

2 + (»n,+ «») 3 —Vn^wy+(1^ = 0 (8) 

where m^, m, are stationary damping coefficients , n^, are rotary damping 
coefficients , and (i, are stiffness/masa coefficients. 

When there is no damping the equations are uncoupled, the free motion 
18 simple harmomo with frequency V |ti m direction OY and simple harmomo 
with firequency Vm in direction OZ, the motion is always stable and cntioal 
speeds are given by oi = Viii and by w = V p,. 

When there is stationary dampmg but no rotary damping, the equations 
still separate out, the free moUon consists of a damped oscillation in each 
pnncipal direction, the motion is alwaj^ stable and the cntioal speeds are 
practically unchanged. 

When rotary dampmg is present, with or without stationary dampmg, 
the equations are coupled By inspection of the determinantal equation 
it can be seen (as also m the conditions stated m the previous paragraph) that 
if the damping coefficients are of the first order of smallness, and if u is of the 
same order as Vpi and then the presence of tiie damping coefficients 
affects the imaginary parts of the roots only to the extent of quantities of the 
second order of smallness, hence, ]ust as with light stationary damping,* 
the presence of light rotary dampmg leaves the natural frequencies of the system 
unaffected correct to small quantities of the first order The effect on frequencies 
of rotary dampmg becomes sensible, however, when co is very large m comparison 
with Vjjq and VtTt 

* Lord Rayleigh, “ Theory oi Sound.” vol. 1. pars. 46 and 102 Macmillan, London 
(1877). 
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BxsminatiOD of the transition speed given bj Boutb’s ontenon shows that 
when difiers appreciably from |i., (that is, when there is considerable lack 
of symmetry m the bearing stiffness) the transition speed is very high compared 
with the critical speeds even if there is no stationary damping; that increase 
in dissymmetry of the bearmg stiffness and in mtensity of stationary damping 
relatively to rotary damping raises the transition speed; and that the 
transition speed is always higher than either cntical speed. The physical 
ezidanation of the effect of unsymmetiical bearing stiffness in restraining 
instability due to rotary damping is that since the natural frequencies of the 
system are different m the two principal transverse directions, there is no 
tendency to set up a whirl of the type which can be dragged forward by rotary 
dampmg until the rotary damping forces have been so far mcreased by rising 
speed that they are commensurate with the difference between elastic restoring 
forces m the two pnncipal directions. 

When the prmoipal axes of bearing stiffness do not comade with the 
principal axes of dampmg reaction, additional firictional terms appear in the 
equations of motion, but the general character of the motion is not thereby 
altered, except that the equations of motion do not separate out even when 
there is no rotary dampmg. 

With unsymmetneal bearing stiffness the amplitude of steady motion due 
to out-of-balance is rcstnoted by rotary dampmg as well as by stationary 
damping, but rotary dampmg has smaller influence m this respect especially 
if there is only slight dissymmetry of bearmg stiffness 

The effect of flexibihty of the bearmgs m producing stabihty at speeds well 
above the cntical speeds m a rotor with rotary dampmg was discovered 
expenmentally by Newkirk {loo. oU.), but it appears doubtful whether he 
reahzed that the unsffrnmttncal flexibility of the bearmgs is the essential 
feature inducmg stability even in the absence of dampmg m the bearings. 

2.4. UnsymmdrKol Shaft, Symmetnoal Bearings.—When the bearings 
are symmetncally supported, but the shaft has elastic and damping properties 
varying in transverse dirootions (such as may be realized m practice by cutting 
a keyway along a round shaft) the mounting forces when expressed m terms 
of fixed co-ordmates include coefi^ents which are periodic functions of the 
tune; but when reference is made to rotating axes, the equations of motion 
may be brought to the form 

« + + —= 0 ( 9 ) 

« + (»»4 + **4) « + 2to« -f (ji* — w*) ti -b Vmjm* cm »= 0, (10) 
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where tn,, are stationary damping coefficients; n,, are rotary damping 
coefficients, and 113 , P 4 are stifEneas/mass coefficients. In this form, the 
equations of motion are Imear difCerential equations with constant coefficients. 

When there is no damping the equations of motion become 

u — 2<o» 4- (fia — <D*) M =: 0 
V 4- 2tiiu 4- (P4 — M*)« = 0 

so that even in this case the equations arc coupled. The free motions repre¬ 
sented by these equations are harmomo referred to rotating axes, and therefore 
stable, so long as co lies outside the range Vpa to V {I 4 ; when <0 lies within 
this range the free motion is exponentially mcreasing, and is therefore unstable. 
The frequency is zero in rotating co-ordinatos at b> = and at <0 = 
hence these speeds are critical speeds Vpg and -N/p* are also the urotational 
firequencicB of the system, t e., the natural frequencies when the shaft is not 
rotating. Hence for this system, m the absence of fnction, there are two 
cntical speeds which are numencally equal to the irrotational frequencies; 
motion 18 unstable at all speeds between these two critical speeds, and stable 
at all speeds outside that range. When the rotor is acted upon by a transverse 
disturbing force steady m space (such as gravitational force on a rotor with 
horizontal shaft), the system vibrates with a whirling motion at a hrequency (m 
fixed axes) which is twice the speed of rotation, and this motion exhibits a 
sharply resonant mcrease of ampbtude at a speed which is approumately 
half the mean of the cntical speeds. 

When there is stationary dampmg but no rotary dampmg, the two critical 
speeds remam equal to the irrotational frequencies and the range of speeds 
between them is still unstable; speeds outside that range are stable and are 
characterized by a damped oscillatory free motion. 

The detemiinantal equation for the general case shows that small dampmg 
coefficients, representing either stationary or rotary damping, affect the 
frequencies (referred to rotatmg axes) by small quantities of the second order 
when the speed is very low or when the frequency is very low but by small 
quantities of the first order in other circumstancee. Cntical speed occurs 
whmi one frequency becomes zero m rotating axes; hence the cntical speeds 
are unaltered by dampmg, correct to small quantities of the first order. When 
there is rotary dampmg only, or when the stationary dampmg is small m 
comparison with the rotary dampu^, the motion is stable at all speeds up to 
the lower cntical speed and is unstable at all speeds above. When both 

H 2 



102 


D. M. Smith. 


practical importance. When p ia amall a sufficiently accurate expression for 
the four principal critioal speeds is 

5=1 ±i± v^+d)’ 

The system when not rotating has two ^quencies m each onontation of the 
shaft, but these frequencies vary with the orientation over the ranges defined 
by upper pair and lower pair of angular firequencies / where (i//* = I ± <t ± p. 
The extreme prmoipal critioal speeds always he between the extreme iito- 
tational frequfflicies. When p is large compared with a, the principal unstable 
speed ranges cover nearly the whole range between the extreme irrotational 
firequencies with only a narrow gap of stable speeds about lo — Vii. When 
a IB large compared with p, each pnncipal unstable speed range covers approx¬ 
imately the middle half of each range of irrotational firequencies. The two 
frequencies given by p,//* = 1 i ® always he one withm each prmoipal unstable 
speed range; while the odd submultiples of these two fraquencies always lie 
one very close to each nunor unstable speed range. High divergence in 
stationary flexibihty favours widely separated unstable speed ranges, high 
divergence in rotatmg flexibihty favours wide ranges of unstable speed. 

Cloee to each pnncipal cntical speed, and at all other speeds excepting close 
to nunor speeds, the steady motion due to out-of-balance u mamly of frequency 
equal to the rotor speed; but very close to each nth nunor cntical speed, the 
largest term in the infimte senes for the particular integral represents motion 
with frequency nw. 

The “ even ” penodic solutions represent speeds at which resonant vibration 
occurs under a steady disturbmg force of the gravitational type. The highest 
pair of “ even ” solutions is given approximately by p/4(o* = 1 ± o — f p*. 
The gravitational resonance is fairly sharp at these speeds if p is small, and is 
always very sharp (and easily suppressed by finction) at the submultiple 
“ even ” solutions. 

With regard to steady motion of the system under a periodic disturbing 
force m one principal direction of the bearings, rotating unsynunetry mtroduces 
couphng between the two pmuapal directions of bearmg flexibility and also 
induces a linkage between motions differing from one another m firequenoy 
by 2cd and its multiples; the result of this coupling is that besides the pnncipal 
resonance of the ordinary type, a sub-pnncipal resonance is introduced for 
motion in the perpendicular direction, and pain of minor resonances (very 
sharply resonant and easily damped out) are set up through motions linked in 
ficequency to that of the disturbance. 
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When damping is taken into account, additional terms m y, x, toy and cos 
appear in the equations of motion ; these terms have as coefficients penodio 
functions of the tune. It is evident by comparison of the characteristics 
with those already established for the limiting conditions of symmetry in 
stationary parts alone, or in rotating parts alone, that damping can never 
render a stable motion unstable below the lowest principal cntioal speed; 
but that, at speeds well above the lowest pnncipal critical speed, rotary 
dampmg may impart instability to a motion otherwise stable , the transition 
speed IS raised by increase of stationary damping relatively to rotary dampmg, 
and by divergence in the pnncipal bearmg flezibihties For quasiharmonio 
motion of another system (see paragraph 6 2) the wnter has made detailed 
calculations of the effeet of damping on the pnnoipal and mmor unstable 
speed ranges, and has shown that light dampmg does not appreciably affect 
the pnncipal unstable speed ranges, but that very light damping is sufficient 
to render stable the mmor unstable speed ranges That a rule of this type 
holds for all quasiharmonic motion, would be expected from physical theory. 

2 6. StatioaUy IndetenntncUe Bearings —^When the constraint exercised on 
the shaft by the boannga is such that the bearmg reactions are statically 
indeterminate (for instance when there are two bearings each constraining 
the shaft in direction as well as m transverse position) the deflection of the 
rotor under given mounting forces is no longer the simple sum of two ports, 
one determmed solely by shaft oharactenstios and the other solely by beating 
charaoteristica. When the elastic and damping characteristios of each portion 
of the system are known, the overall characteristios are determined by ehmina- 
tion between a number of simultaneous equations; this process yields a result 
of which the most general form is 

— — — — — (IS) 

F, = — 8 — — bfnua + h^^uiy — (14) 

where o^, Oj, . . are stiffness coefficients and b^, bj, ... damping coefficients; 
these ooeffimonts are independent of tiie onentation of the shaft if the 
shaft IS symmetnoal, but are periodic m 2<jit if the tiiaft is unsymmetnoal. 
If the coefficients are constant, transformation to prmoipal elastic axes 
eliminates the coupling coeffiaents Cit = Ctx, and if the principal axes of 
riamping are m the same direction as the pnncipal elastic axes, the some trans- 
formation eliminates 6^, = b^, b„, and b^. Hence the equations of motion for 
statically indeterminate cases take the same general forms as already discussed 
m paragraphs 2.2 to 2.6, and the character of the motion is the same. 
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(3) RoUtr txmeiOtng of a 8me» of OoHemtnOei Mataet. 

3 1. 8«ne$ of Conoetiiratod Mattes.—The next 83 rBtem diaeoBeed is that 
consisting of a series of oonoentrated masses mounted at mtervals along a 
wei^tless flexible shaft which runs m flexibly supported bearings, fig. 2. 
Symbols referring to the successive masses M^, M|, M, . are distinguished 
by the corresponding snbeonpts. General treatment of this system mvolves 
only slight extension of the work of the previous section. The equations of 
motion (1), (2), (3), (4) remain correct for each individual mass but the forces 
Fy,, &c., must now be expressed as functions of other co-ordmates as well as of 

M. M, 

1 . 1 

Kra. 2 

When connected characteristics influencmg the system are arranged with 
tiieir pnncipal axes oblique to one another, the system is said to be skew 
For example, if m a two-beanng system with horizontal shaft the principal 
elastic axes at one bearmg support are honzontal and vertical, and at the other 
bearing support are mclmed to the vertical, the bcanngs m that system are 
skew. Although a skew case is mathematically more general than an unskewed 
one, systems which arise m engmeenng practice are commonly almost com¬ 
pletely devoid of skew characteristics. The treatment of unskewed systems is 
relatively simple smee there is no coupling between the two pnncipal transverse 
directions. 

3.2. 8ymmetno<U Shaft, Symmetnoal Bearings.—Let the system be referred 
to those co-ordinates 6| which would have been normal co-ordinates 
if there had been no damping present. Since the system has 2r degrees o( 
freedom tiiere are 2r such co-ordinates; they fell into two groups, one group 
6i, .. 6. bemg formed by certain relations from the y— oo-ordmates, and 

the other group . 6^ by identical relations from the z- oo-ordmates. 

The equations of motion then fall mto pairs of the typo 

®i ri" ^’hi^ “I" ***11®! "b "I" **11 (®i "b **®r+i) 

+ »»ii (®i + ‘^®r+l) + • •• + (*u®i == 0 (Ifl) 

®r+l H" "*U®r+l "I" ’"u®r+* "H ••• + (®rU — *^®l) 

+ "is (®r+l — “Si) + •• + liu®f+l = ® (1*) 

where 6| and are complementary normal oo-ordinatea. 

By the same process which was applied by Lord Rayleigh (toe. at. par. 102) for 
non-rotating systems, it may be seen that the vibrations mainly in one normal 
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MHndinate Oiaieapprozunately the same as tlxey would have been if tiie coupling 
dampmg ooefficiaita . had been absent, unless the fiequmoy m is very 
close to the frequency m another normal mode represented m the same 
equation. Now 6| . 6^ all give different frequencies; but gives 
the same frequency as 0^, 0,^, as and so on. Hence the state of affairs 
for one normal co-ordinate 6^ is to a first approximation the same as if all the 
dampmg terms except mu and were suppressed; and consequently the 
properties established m paragraph 2.2 for a system containing a single mass 
also characterize the motion of this system in each normal mode, the only 
important effect of the coupling damping terms being to entail along with 
forced or free motion m one normal co-ordinate, smaller out-of-phase move¬ 
ments m the other normal co-ordmates to which it is coupled The r different 
cntical speeds are equal to the respective irrotational frequencies. If there u 
no rotary dampmg, the system is stable at all speeds , if there is rotary damping 
but no stationary damping, the system is stable up to its lowest critical speed 
and is unstable at all speeds beyond, if there are both stationary damping 
and rotary dampmg, the system is stable up to a certam transition speed 
which IS higher than the lowest cntical speed, and is unstable at all speeds 
beyond The instability due to rotary dampmg is charsotenzed by the very 
gradual building up of a whirl in the direction of rotation, of frequency equal 
to the fundamental cntical speed. 

3 3 Symmetnoal Shaft, UnxynmOnoal Beannga. —^In this case the 2r normal 
frequenmes of vibration are independent of the speed, and are m general all 
different; or if two of them happen to lie close (for any other cause than small 
divergence m the beanng flezibilitieB) this can only occur at some frequency 
high m comparison with the lowest frequency of the system, hence the 
normal modes of vibration of the system are to a first approximafron 
independent of one another, and as m paragraph 2.3 stabihty is ensured, 
even m the presence of rotary damping, up to a speed which is high in 
comparison witii the lowest pair of cntical speeds. 

3.4. Vnsymmetr%oal Shaft, SymmAnoal Neonti^s.—Consider in liie first 
phase an unskewed shaft m a system free from dampmg. When the equations 
of modem (referred to axes rotating with the shaft) are rearranged m terms 
of those co-ordinates which would have been normal co-ordinates if the ^laft 
had not been in rotation, they fall mto complementary pairs of tiie type 

01 — 2fai)0,+i -f (|Zi — <0^ 01 = 0 
®r+l + jg + (l*r+l — ®r+l = O* 


(17) 

(18) 
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The eolation of these equatiooB mdioatee that the onlaoal speeds are numenoally 
equal to the irrotational frequencies, and that the system is violwtly unstable 
between these two cntioal speeds but is stable (so far as movements m 
and 6,^1 are ooncemed) at all higher and lower speeds When the shaft is 
skew, the disentanglement of the normal rotatmg co-ordmates is leas obvious ; 
but examination of the equations of motion of the mdividual masses shows 
that the determinant defuung the frequencies for seto speed is identical with 
the detenmnant defimng the speeds for zero frequency. Now zero frequency 
(referred to rotatmg co-ordinates) corresponds to a oritioal speed and to a 
transition between stabdity and instabilify in one pair of degrees of freedom; 
and by considermg the transformation from an unskewed condition to a 
skewed one by gradual twistmg of the shaft, it is evident that the cntioal 
speeds occur m pairs complementary to one another and that each pair 
includes a range of unstable speeds. Hence for any uns 3 nnmetnoal shaft, 
whether skew or not, runmng m symmetncal bearings, the 2 r critical speeds 
are respectively equal to the irrotational froquendes, and occur in comple¬ 
mentary pairs each of which includes a range of unstable speeds; it is possible 
for such ranges to overlap one another. The presence of rotary damping, 
with no stationary damping, renders unstable all speeds above the lowest 
critical speed; when stationary dampmg and rotary dampmg are both 
present, all speeds above a certain speed higher than the lowest cntical speed 
are rendered unstable by the rotary damping. The system also exhibits 
resonant vibration (whether or not damping is present) under steady (gravi¬ 
tational) disturbmg force at about half the mean speed of each unstable range. 

3.6 Unaymmetrtodl Shaft, Unsymmctncal Bearings .—^Purely analytical 
mvestigation of this case would be cumbersome, but it is clear from physieal 
comaderations that the motion of this B 3 ratem is similar to that discussed 
in paragraph 2.6 but with the phenomena repeated for every additional pan 
of degrees of freedom, there are 2 r prmcipal unstable speed ranges, bounded 
by 4r prmcipal cntical speeds, all of which lie between the highest and the 
lowest irrotational frequencies of the s^^tem ; if the system has no appreciable 
damping, mmor critical speeds may show themselves near the odd submultiples 
of the frequencies which would be obtained if the shaft were rendered sym¬ 
metrical (each portion retaming its mean transverse flexibility) while the 
bearing flexibihties remained unchanged. Gravitational resonances occur 
near the half and possibly near the other even submultiples of those frequencies. 

ZA. Dynamic Bakmnng ,—^The dynamic balancmg of a system consisting 
'of a number of masses, slightly out of balance, carried by a symmetrical shaft 
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in sjntunetrioal bearingB, has been studied by Blaess.* He shows that such 
a system can usually be brought into dynamic balance at a given speed by 
placmg the correct balance weights in any two assigned transverse balanomg 
planes; but that owmg to the change m configuration of the unbalanced 
shaft with speed, the necessary balance weights change with the speed, and 
that at certam speeds complete balancing in the two assigned balancmg planes 
may be impossible. The same holds good for an unsymmetncal shaft runmng 
in symmetrical bearings at any stable speed; but when the bearings are 
unsymmetncal (whether with symmetncal or with unsymmetncal shaft) the 
unbalanced shaft changes its configuration dunng rotation at one given speed 
as well as changmg from one speed to another, m consequence, complete 
balancing is no longer possible if there are out-of-balance masses not m the 
assigned balancing planes. The only method of obtaining a perfect balance 
of a senes of masses carried by a flexible shaft m unsymmetncal flexible 
bearings is to balance each toium separately on the shaft 

(4) Rotor constating of a Single Umaxsal Rigid Body 
41. Equations of Motion .—Consider next the system illustrated in fig 3, 
where the rotor is a smgle ngid body, uniaxial about the rotor axis O'A; this 
axis, filled in the body, coincides with the bearing axis when the mountmg is 
undeflected. O' lies m the same transverse plane as the centroid and O'B, 

Fro 3 

O'C are transverse axes fixed m the body and therefore rotalwg with it, fig. 4. 
The mass of the body is M and the moments of inertia are A, B and C (which 
equals B) about the axes O'A, O'B, O'C respectively. If the balance about 
the rotor axis is imperfect, the static out-of-balance is represented by small 
centroid displacements u, v, as m Section 2, and the dynanuo out-of-balance 
by small products of mtena E, F about the axes O'B, O'C respectively. The 
equations of motion of the centroid, referred either to fixed axes OX, OT, 
OZ or to rotating axes OX, OU, OV, are the same as were established for 
a concentrated mass m paragraph 2.1. The angular motson of the rotor axis 
O'A relatively to the bearing axis OX is designated in fixed axes by the angles 

• ‘ Z angow. Math Meoh.,* voL 6, p 429 (1926). 
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<|i repmenting turning about OY, OZ respectively, and in rotating axes 
by the angles p, y representmg turning about OU, OV respectively. Provided 
the angles of displacement remam small, the angular equations of motion are 


m fixed axes 

B<f> + wAlp — M 4 + ti>*E cos tirf + ci>*F sm ti)< = 0 (19) 

Biji — taA<ft — M* -f 6 i>*E sm tdi — cifV cos ot = 0, (20) 

and m rotating axes 

Bp - <0 (2B - A) Y - - A) p - +a)*E = 0 (21) 

By+ w(2B - A) p - 6»«(B - A)y- M, - £.>*F = 0. (22) 



where M^, M«, etc., are the transverse moments apphed to tiie rotor, either 
through the elastic and dampmg readsons of the mounting or by external 
disturbances. The angular equations of motion are more compheated than 
those for motion of the centroid on account of the presence of the gyroscopic 
terms m A, but they are still linear differential equations which when the 
bearings are symmetrical have constant coefficients if referred to fixed axes, 
and when the shaft is symmetncal have constant coefficients if referred to 
rotating axes. 

4.2. Angular Motion uncoupled from Motion of Centroid.—In many important 
practical cases (including all those m which the mounting is symmetrical 
axially about the centre of the rotor) there is no coupling between linear and 
angular elastic reactions and deflections at the rotor centre; then the moments 
M 4 , so far as they arise ficom elastic and damping reactions can be completely 
expressed in terms of ^ and in a manner analogous to the expressions 
for F, in Section 2; the angular movements of the rotor axis are then 
mdependent of the movements of the centroid. The characteristics of motion 
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of the oentzoid are exactly as haye been established for a single concentrated 
mass in Section 2. The characteristics of the angular motion alone are briefly 
stated m the following paragraphs 4.21 to 4 24. 

4.21. Angular Molton . Synmelnoal Shaft, Symmetnoal Bmrtngs.—Wbm 
shaft and bearings are symmetncal there is only one angular irrotational 
frequency which is the same in every direction, this frequency is VS/B where 
S IS the angular stiffness of the mounting At any given runmng speed there 
are two angular frequencies, one of which is higher than the irrotational 
frequency and is charactonxed by forward precession of the rotor axis (ts., 
revolution of the axis in a cone in the same sense as that of rotation of the 
rotor) while the other is lower than the irrotational frequency and is marked 
by backward precession of the axis As the speed mcreases the higher 
frequency rises, asymtotically approaching A/B to which is independent of 
the elastic properties of the mountmg, while the lower frequency falls towards 
xero For all rotors there is a “ backward cntical speed ” to => VS/IB + A) at 
which the running speed is numerically equal to the frequency of backward 
precession, mathematically this is not a true cntical speed, smeo analysis 
shows that out-of-balance alone does not give nse to increase of amphtude 
at this speed if the conditions of symmetry in the mountmg are fulfilled; but 
m tests, considerable increase m amplitude when passing this speed has been 
observed * A cntical speed of forward precession occurs at (o = V8/(B—A) 
with a long rotor (B > A), but with a short rotor (A > B) there is no such 
cntical speed In experiments made by the wnter, it was observed that a 
long rotor exhibited very violent vibration at its forward cntical speed, 
and also exhibited some vibration, but less violent and very sharply resonant, 
at its backward critical speed ; while a short rotor exhibited a small amount 
of vibration at its backward cntical speed. 

When there is no damping, or vrhen the dampmg present is in the stationary 
parts only, the motion is stable at all speeds. For a short rotor the motion is 
also stable at all speeds so far as angular movements arc concerned even if 
rotating dampmg is present When a long rotor is ninnmg m a mountmg 
where rotary dampmg but no stationary damping is present, the motion is 
stable up to the forward cntical speed and unstable at all higher speeds. 
When both stationary damping and rotary damping act on a long rotor, the 
angular motion is either stable at all speeds or is unstable at speeds above 
a certain transition speed which is higher than the forward cntical speed; 

* First noted by Stodola, “Steam and Gas Tnrbinee’’ (E^ish Trans.), p.i34 (1927). 
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■tabihty is favoured by decrease in “ length ” of the rotor (t.e., by decrease in 
the ratio B/A) and by increase in intensity of stationary damping relatively 
to rotary damping. 

4.22. Angular Motion ' Symmetrical ^afl, Unsymmetrtoal Bearings —When 
the bearmgs are nnsymmetncal there are two angular irrotational frequencies. 
As the speed rises the higher frequency is raised (again ultimately approaching 
A/£ cii) and the lower frequency is lowered. Each normal type of vibration 
involves precession of the rotor axis m a cone of elhptical section, the higher 
frequency exhibiting forward precession and the lower frequency backward 
precession. For long rotors there are two angular cntioal speeds—^the lower 
one backward and the higher forward—but for short rotors there is only one 
angular critical speed, that of backward precession Calculation predicts 
that for long rotors the increase of amphtude due to small out-of-balance 
should be smaller and more sharply resonant at the lower angular cntioal 
speed than at the higher one, and experiments earned out by the wnter on 
rotors r unnin g m unsyiometncal bearings have verified this prediction. The 
amplitude of the motion at the lower critical speed is greater the greater the 
lack of symmetry of the beanng flexibility. 

When no damping is present, or when there is stationary damping only, 
or when the rotor is short, the angular motion is stable at all speeds. When the 
rotor IS long and rotary dampmg is present, the motion is sometimes unstable 
above a transition speed which is always higher than the higher cntical speed 

4.23. Angular Motion Unsymmetnoal Shaft, Symmetnoal Beannga .—^In 
this system also there are two angular standing frequencies With a short 
rotor there is no true critical speed, and the angular motion is stable at all 
speeds, whatever the dampmg characteristics may be. For a long rotor there 
are two angular cntioal speeds which are higher than the respective standing 
frequencies and the whole range of speeds between is violently unstable. 
When rotary damping alone is present with a long rotor all speeds above the 
higher cntioal speed are rendered unstable by dampmg; when botii stationary 
and rotary dampmg are present there may be dampmg instabihty above a 
certain speed not lower than the higher cntical speed. With all rotors there 
IS a speed at which a disturbing moment steady m space (analogous to 
** gravitational ” disturbance) sets up resonant vibrations. 

4.24. Angular Moium Unsymmariool Shefl, Vnaymmetrioal Bearings .— 
The angular motion with shaft and bearings both unsymmetrical is somewhat 
similac to that for motion of the centroid (paragraph 2.b) but compheated by 
the gyroscopic action. For the long rotor there are two principal unstable 
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speed ranges, bounded by principal cntical speeds, which do not necessanlv 
he within the range of possible irrotational fi^uencies; and there are minor 
unstable speed ranges which are no longer close to exact submultiple speeds 
For the short rotor, there is only one prmoipal unstable speed range but the 
minor unstable speed ranges still occur in paus Prmcipal and minor 
resonances with steady disturbmg moment also occur in parrs. The lurnor 
critical and unstable speed phenomena are easily suppressed by damping. 

4 8. General Case. Angular and Linear Motions Coupled .—^When the 
angular and Imear elastic reactions and deflections are coupled at the rotor 
centre, the angular and linear motions are not independent, but nevertheless 
over a limited range of speeds the normal modes of vibration of such a 
system can usually be divided mto mainly-linear movements approximating to 
those described m Section 2 and mamly-angular movements appro ximating 
to those described in paragraphs 4 2 to 4 21 
A rotor with symmetrical shaft (and therefore with motion har momn m 
fixed co-ordinates) has at any speed four definite frequencies in fixed axes, 
at low speeds the two mamly-linear frequencies are very close to the mainly 
linear irrotational frequencies, while the mamly-angular frequencies vary qmte 
rapidly with speed owing to the gyroscopic action At high speeds one angular 
frequency is very low, while the other is very high and asymptotically approaches 
AfBci which 18 independent of the elastic constramts, the two remaining 
frequencies approach steady values equal to the frequencies which would be 
obtamed if transverse couples wore apphed to the rotor constraining its axis 
to remam parallel to the bearing axis. Such a rotor has three cntical speeds 
if short, and four cntical speeds if long. Frequencies and critical stieeds are 
found by solution of detemunantal equations of standard type. La the absened 
of rotary damping, the motion is stable at all speeds, with rotary damping 
the motion may be unstable above a certiun transition speed, which is never 
lower than the lowest cntical speed of forward precession, stability up to 
high speeds is favoured by increase m relative stationary dampmg and by 
increase m lack of symmetry of the beanng flexibilities 
The particular mtegral representing the steady motion of this rotor under 
out-of-balance conditiona m a fhctionless mounting has been studied by 
Blaess (fee. oU.), who shows that m steady motion the axis of the unbalanced 
rotor traces out a surfsce of which every transverse cross-section save two is 
an ellipse; but at each of two sections, the elbpse degenerates to a fimte 
straight Ime. These two straight Imes are m general obhque to one another 
even when the principal axes of the bearmgs are not skew and the surface 
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changes m fonn as well as m scale with change in rotor speed. Blaees descnbes 
the motion as an “Astigmatic” vibration It is this astigmatism which 
obstamcts attempts to determme the location of out-of-balance by scnbing 
methods. 

A rotor mounted on an unsymmetncal shaft in symmetrical beanngs 
exhibits two ranges of violently unstable speed if long, or one range if short; 
these ranges are bounded by the critical speeds This rotor also exhibits 
two resonant speeds under gravitational disturbances If the beanngs are 
unsymmetncal as well as the shaft, the pnnoipal unstable speed ranges number 
four (for a long rotor) or three (for a short rotor) and are bounded by the 
pnnoipal cntical speeds while minor unstable ranges and mmor ontioal speeds 
show themselves if the system is sufficiently devoid of damping 


(6) Raiar oonnHtng of a Series of Unvtxiai Rtgtd Bodies. 

51. Equations of Motion —When the rotor consists of r uniaxial ngid bodies 
(distinguished by subsenpts 1,2, f) mounted at intervals along a weightless 
flexible shaft which runs in flexibly supported hearings, the system has 4r 
degrees of freedom. The four equations of motion for the pth disc may be 
wntten 




av 


„ , 3F , as , 9V „ 






(23) 

(24) 
(26) 
(28) 


where the non-rotating dissipation function F is a homogeneous quadratic 
function of the velocities ..; S], Zj , ; <{it, <ji 2 •: 

the rotary dissipation function R is a homogeneous quadratic function of 
t^ of the type [yj-f wzi], ; [zi-<oyi], : [^i + 

[(jii — , and the potential V is a homogeneous quadratic function 

of the co-ordinates of the system. The coefficients m the functions F, R, V, 
are mdependent of time only when the shaft is symmetncal; otherwise, the 
coefficients are periodic m 2(d with tune. When the shaft is symmetrical 
the functions F and Y possess the properties established by Rayleigh (too. oU., 
Chapter IV),and the rotary dissipation function R is similar m character to F. 
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The eqaatiooB of motion are always linear differential equations, but if 
referred to fixed axes have constant coefficients only when the shaft is 
synunetncal, and if referred to rotating axes have constant coefficients only 
when the bearmgs are symmetrical When the equations of motion have 
constant coefficients a considerable amount of information as to the stability 
of the motion is gained by inspection of the character of the coefficients in 
accordance with rules established by Routh* end this inspecrion is supple¬ 
mented by analjrsis similar to that employed m Section 3 

6.2. Symmetrtoal Shaft. —^When the shaft is symmetrical, the motion is 
stable at all speeds in the absence of rotary damping. When rotary damping 
but no stationary damping is present, the motion is unstable above the lowest 
cntica' speed of positive precessioa if the beanngs are symmetrical, but is 
stabll up to a much higher speed if the beanngs arc unsymmetrical. The 
addition of stationary damping raises the speed of transition to instability. 
At any speed, there are 4r different natural frequencies, these frequencies 
vary w th speed, some slowly and some rapidly When the qieed is very 
great, tie motion of the system lieacs tortain resemblances to that of the 
“ gyrost(«tically dominated ” sjrstems mvestigated by Thomson and Tait,t 
but (as may be seen by inspection of the fundamental determinant) differs 
from the latter in that the system here under examination is under gjrrostatio 
domination in only half of its degrees of freedom; the result is that at high 
speed, of the 4r normal frequencies, r are very small, 2r are of the same order 
as the irrotational frequencies, and r are very great, the latter frequencies 
being commensurate with the speed and nearly proportional to it, and almost 
independent of the elastio characteristics of the mounting. 

If among the r discs constituting the rotor, p are short and (r — p) are long, 
the number of real critical speeds of the system is (4r — p) This may bn 
proved by counting the number of real cntical speeds when the elastic coupling 
coefficients between the different discs are made zero and then observing that 
the real roots of the determinant for cntical speeds do not alter m number, 
although they alter in value, when the coupling ooefficimta are vaned m any 
manner physically possible. When the bearings are unsymmetncal all these 
(4r — p) speeds which give one frequency numerically equal to the speed are 
true cntical speeds at which out-of-balance alone excites resonant amplitudes ; 
when the bearmgs are synunetncal, 2r of these speeds are “ backward cntical 
speeds,” at which calculation does not indicate resonance due to out-of-balance 

* ‘ Advanced Pynamios,’ par. 310, et ttq 
t ‘Natural Philosophy,’ par. 846. 
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alone, althou^ pronounced vibration may be observed in praoboe at these 
speeds. 

5.3. Unsymmelriaal Shaft. —senes of r discs, of which p are short, mounted 
on an unsymmetrioal shaft m symmetncsl bearmgB, exhibits (2r — p) ranges 
of violently unstable speed, each bounded by two cntical speeds This system 
provides 2r gravitational resonances. When the bearings also are unsym- 
metrical, the system exhibits quasiharmonic motion m which (by analogy with 
systems previously investigated) there appear (4r —p) principal ranges of 
unstable speed, bounded by principal cntical speeds, and 4r prmcipal gravi¬ 
tational resonances, as well as mmor resonance phenomena if the system is 
sufficiently devoid of damping. At speeds above the highest range of unstable 
speeds, the motion of any system with unsymmetncal shaft is very similar 
to that of the similar system having a symmetncal shaft of the same mean 
stiffness. 

(6) Rotor oonndxng of a Senes of Balanced Rtgtd Bodtes of any Shape 

61, Equahons of Motion for UnsymmOrical Rotor. —Consider the case where 
the rotor is a single ngid body, mounted on the shaft with one pnncipal axis 
nearly or exactly comcident with the shaft axis, but with the moments of 
inertia about the other pnncipal axes unequal. Refer to the same axes as in 
paragraph 4.1, fig. 4, but choose the transverse axes O'B, O'C, in onentation 
such that there is no product of mertia between them. The notation is 
unchanged except that B is no longer equal to C. The equations of motion 
of the rotor for small angular movements are then in fixed axes 

^ cos 2a)<-f- sm 2w<} 

-f oiAiji — M* 4- ci)*E cos cot -{- o>*F sm (at = 0 (27) 
•!{- i^cos2oi<4- ^8in2ut} 

— <i)A^ — 14 4- ci»*E sm — ca*F cos cat = 0 (28) 

and in rotatang axes 

Bp - <ay (B 4- C - A) - <a*p (C - A) - M, 4- = 0 (29) 

Cy + «P(B4-C-A)-<a*y(B-A)-M^-«a^ = 0. (30) 

The equations of morion of a system including such bodies are therefore 
alwa^ bnear differential equations, but the inertia terms expressed in fixed 
axes indude ooeffidents which are periodic funcrions of the rime; so that the 
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motion of such a system with unsymmetrioal bearings is quasiharmomo even 
if the shaft is perfectly symmetncal. When the bearings are symmetnoal, 
the motion of the system is harmomc in rotating axes whatever the shaft 
characteristics may be. 

6 2. Quaathwrmomc Motion with One Degree of Freedom. —With an unsym- 
metrioal rotor it u possible to realize a motion of one degree of freedom which 
18 quasiharmomo, and thereby to undertake detailed calculations which would 
be extremely cumbersome for a system of mote than one degree of freedom. 
The system m question is provided by an unsymmetncal rotor, mounted on 
rigid shaft, running in hearings which are flexible in one transverse plane only 
and which provide linear and angular movements uncoupled at the rotor 
centre; the equation of motion for the angular movement is 

®^4,_®^.i{q,co8 2w«} + R(i. + St{. = 0, (31) 


where K is the dampmg coeflicient and S the stiffness coefficient of angular 
flexibihty of the bearings. For this system, m the absence of damping, and 


with p = ^^, the prmoipal cntical speeds which enclose the principal 
B + C 

range of unstable speed are given by 


B + C 6)* ^ 




B + C 





and the mmor critical speeds and unstable speed range of third order by 


28 

B + C'«* 

28 2 
B + C‘ «* 



P*. 

p»... 


If damping moments of the first order of smallness are present the boundanes 
of the principal range of unstable speeds are narrowed by amounts of the 
second order of smallness, and the mmor unstable speed range of thud order 
is completely suppressed by damping if the damp m g coefficient B is greater 


than a veiry small value approximately equal to 


■ / S(B + 0) 

612 V 2 


6.3. Motum <f Untymmelrtoal Botor.—The only case of motion of an unsym- 
metncal rotor which the writer has mvestigated mdetail is that of the angular 
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motion of a smgle unsymmetrical ngid body bo motmted that the angular motion 
is uncoupled from the motion of the centroid. When such a rotor is mounted, 
on a diaft either 8}mmetrical or unsyrometrioal, in symmetncal bearmgs, 
there are two true cntical speeds enclosing a range of unstable speed if the 
rotor IS long (B and C both greater than A); there is no true cntical speed or 
range of unstable speeds if the rotor is short (B and C both less than A); while 
if the axis of rotation is the intermediate prmcipal axis (B > A > C or 
C> A > B) there is one critical speed, and all speeds above this are unstable. 
Unsymmetry of the rotor, when the shaft is symmetrical, does not give nse to 
“ gravitational ” resonance When the bearings are unsymmetncal the 
motion exhibits quasiharmomc charactenstics somewhat siinilar to those 
produced with an unsymmetrical shaft m symmetncal bearings (paragraph 
4 24). 

6.4. Motion of Rotor tncUiding a Senes of Unsymmetncal Bodies. —^When the 
bearmga are symmetncal, inspection of the equations of motion expressed in 
rotating co-ordmates shows that cntical speeds and unstable ranges of speed 
occur in a manner very similar to that obtamed with uniaxial bodies mounted 
on an unsymmetncal shaft. When the beanngs are unsymmetncal the motion 
IB quasiharmomc and its character is too complicated to be inferred by mere 
mspeotion of the equations of motion, but is evidently analogous to those cases 
of quasiharmomc motion already investigated, the cntical speed and unstable 
speed phenomena being repeated for each additional pair of degrees of freedom 
of the system 

6 5. Acknowledgments. —^The wnter desires to thank Messrs. Metropolitan 
Vickers Electneal Co., Ltd , for makmg provision for the expenmental work 
and for other facihties afforded him m the course of preparation of the paper 

(7) Summary and Appheatum of Results. 

7.1. Outline of Analyluxd Wori.—It has been shown m the previous sections 
that the equations of motion of a rotor conforming to the assumptions made 
are always linear differential equations and are of the followmg types:— 

(a) When the rotating parts (rotating masses and shaft) are symmetrical 
all coefficients are constant in the equations when referred to fixed axes. The 
moticm then exhibits cntical speeds, but m the absence of damping m the 
rotatmg shaft there are no ranges of unstable speed. When there is dampmg 
in the rotating shaft, motion may be unstable above a oertam qieed which is 
never lower titan the lowest cntical speed of positive precession. The speed of 
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tranution to instability is raised by increasing the relative intensity of damping 
on the bearing supports and by rendering the bearing supports unsymmetncal. 

(b) When the bearing supports are sjrmmetncal, the equations of motion 
have constant coefficients when referred to rotating axes. If the rotating 
parts are unsynunetncal, the critical speeds occur in pairs which enclose ranges 
of violently unstable speed, and, m addition, instability may be produced by 
shaft damping at speeds above the lowest range of unstable speeds 

(c) When both stationary and rotating parts are unsymmetncal, the 
equations of motion when referred to either fixed or to rotating axes include 
ooefficionts which are penodio functions of the time The type of motion, 
called quasiharmomc, is characterised by principal unstable speed ranges 
bounded by principal critical speeds and also, if the dampmg m the system is 
extremely light, by sharply resonant minor cntical speeds and minor unstable 
speed ranges at speeds lower than the pnncipal critical speeds 

7 2 Driven and Free Rotor —The analpis has assumed a rotor dnven from 
outside the system at constant speed of rotation Examination of the motion 
of a rotor m free rotation shows that the fluctuation m speed of rotation is a 
quantity of the second order of smallness, provided that the rotor is m good 
balance relatively to its inertia about the axis of rotation, that the transverse 
movements are small, and that the external disturbing forces (if any) produce 
about the rotor axis a moment which is small compared with the elastic trans¬ 
verse moments involved m the motion, and hence that the analysis of this 
paper remains valid for a free rotor when those conditions are fulfilled. 

7 3. VaJadity of Assumplums —In those practical high-speed rotors where 
serious vibration trouble may be apprehended, the assumptions as to good 
balance and as to small amplitude of vibrations are sufficiently well fulfilled. 
The assumption as to Imear relation between deflection and elastic reactions is 
closely fulfilled unless the vibration is so violent as to cause the journals to 
cross the clearances m the bearmgs The assumption as to viscous law of 
damping, however, is not even approximately fulfilled, and analytical predic¬ 
tions as to the effect of damping are, m consequence, only qualitative. 
In practice factional forces arise m vanous ways and follow vanous laws ; 
a severe tjipe of rotary Auction sometimes experienced is due to working of 
the shaft m a cramping fit of the rotor and the effect of this in bringing about 
instability at super-critical speeds shows itself erratically. 

7.4. Influence of Results on Machvne Dwi^.—This paper mdicates certam 
principles which should be followed m the design and runiung of high speed 
noachinery in order to secure maximum immumty ficom vibration trouble. 
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Unsymmetrioal flexibility of the shaft should always be avoided, espeoialiy 
if the machine has to run through a critical speed, and unsymmetncal rotors 
are likewise undesirable. Damping in the flexible bearing supports always 
favours stabibty, but damping in the rotating parts should be avoided when 
the maohme has to run above a critical speed. If instability due to rotary 
dampmg has shown itself, the running may be improved by provision of 
unsymmetncal flexibility m the bearing supports. Unsymmetncal bearing 
supports may increase the difficulty of balancing a flexible rotor running at 
a high speed. A rotor should not be run for any length of time close to a 
cntical speed and preferably not at a speed which is close to half one of the 
normal firequencies of the system. 


The First Spark Speclrwn of Gold. Au II. 

By B. y. Haohavenoba Kao, M.Sc , Physics Laboratory, Central College, 
Bangalore. 

(Communicated by Lord Rayleigh, For See R 8 —Received March 16, 1933 ) 

The spark lines of gold have been measured and wave-length data recorded 
by a number of observers; chief among these are Exner and Haschek,* Eder 
and Valenta,* Handke,* L. and E. Bloch,f R J. Lang,t and Takamme and 
Nitta.t On the basis of their own photograph of the spark spectrum of gold, 
McLennan and McLay} gave the first analysis of Au II. Of the configurations 
fid* 6«, fid* 7s, Sd* 6p, 6d* 6d, and fid* 6«*, they have found all the terms resulting 
from the first three, while for the fid* fis* and fid* 6d configurations only some 
of tilie terms have been fixed. 

The application of Ilund’s theory has led to the recognition of the essential 
regularities in a large number of spectira rich in hnes which previously defied 
analysis. Every new investigation in this field only serves to c onfirm the 
view that Hund’s theory correctly predicts the unportant features of a spectrum. 
This is particularly so if, as is usual, research is confined to the strongest lines 

* Kayier’s “ Handbuoh der SpeotroMopie.” 

t See R. J. long,' Phil. Trans.,’ A, vol. 224, p. 371 (1924). 

$ * Trans. Roy. Soo. Canada,’ vol. 22, p. 108 (1028). 
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and the lowest configurations But when the analysis is sufficiently exhaustive 
as m the beautiful work of Kussell* on Ni 1, it is seen that there are some 
levels which, with our present knowledge cannot be assigned to any electronic 
configuration, and again there are a number of weak hnes remaining un¬ 
classified, particularly m the extreme ultra-violet and the mfra-red. When as 
many hnes as possible have been analysed on the present ideas m a number of 
spectra, the residuum of unassignable terms and weak hnes will have to form 
the material for fresh developments Such considerations have prompted the 
extension of the analysis of the Au II spectrum fomung the subject matter of 
the present paper. 

As a result of the present mvestigation all the terms of the configuration 
Bd* 6«* have been identified, and nearly all the terms ansmg from the con¬ 
figuration M* Gd have been fixed, while a number of terms arising from the 
configuration 6d* 6s7« have been located. More than a hundred lines come 
under the present classification. 

The electronic configurations and the terms expected from each configuration 
according to Hund’s theory are given in Table 1. 


Table I 


Configuration. 

Expected tenna 

M'6» 

•(D). HD). 

Sd'Sp 

^E D P). >(F D P) 

U'M 

•(G P D P 8), >(0 F D P S). 

M»7* 

•(D). •(«) 

M»«»* 

•(F P). MO D 8) 

Bd^WJs 

MFP), •(FFDPPS), MGFDP8). 


Table 11 gives the positions of all the levels calculated from 6d* 6s as 
zero. This list does not include a large number of terms that were found to 
give only three combinations and were therefore not considered certam Some 
thirteen terms whose designations could not be definitely fixed have been 
niRT Vfd by the letters a, b, c, d, etc. The low group marked a, b, e, d 
IS mteresting because it is difficult to find a place for these terms m Hund’s 
Th^ cannot be considered spurious because of the large number of 
accurate combmations they give rise to. As has already been pointed out 
niwiilar unacoouutable terms are met with m about the same region also in 
Ni I (Russell, he. eU.). 

* ‘ Phya Rev.,’ vcd. 34, p. 821 (1029). 
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Table II. 


MoLcnnan uid McLay 


’Pi 


•i>i 

*I>i 

•Pi 

’P| 

’P. 


*P. 

»F, 

*>, 


•P. 


‘Pi 

‘Pi 

*Pi 

•Gi 

■Oi 

'Pi 

•Fi 

»F, 

•Gi 

'G, 

*Gi 

•P. 

*Pi 

■D, 


Unidentified Temig 


441M 4 jj 

93330 4 I, 

98112 3 


101637 0 
102343 1 
113651 2 
114356 0 
126021 2 
126890-4 
130699-1 




Table III. 
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Tables III, IV, Y give respectively the mnltiplet schemes for the configura¬ 
tions 5<P 68 *, Sd* and fid* fisTs Considering that these multiplets result 
ftom the combination of high terms with middle terms the absence of certain 
oombinations is to be expected 

The terms iS„ of fid* fis*, »F„ and of fid* 6 d, and *G„ »Fg, 
■F 4 ,,,,, *Fj, *P,, j. 9 , *Si, of fid* 6a7s could not be identified with 
certainty, smee some of them do not give many combmations and there are 
no other reliable criteria available for their location. 

The designations here proposed for the terms are based on combining pro¬ 
perties, Imo mtensitiea and the several interval separations. The following 
comparison with similar spectra, viz, Pd I, Ag II and Ni I, supports the 
present allocation and justifies the few changes that have been made m the 
previous analysis of McLennan and McLay. 


ConflgnrstioiL 

1 Term*. | 

AuU 1 

Agn. 1 

PdL 


•G. 

-48 0 

-126 

O'O 


•O4 

4078 7 

4ltl3 8 

3038 0 


•0* 





»F« 

-184 8 

-117>3 

-IS 0 


•F. 


4664 4 

3044>0 


•F, 


1 



•D* 

018 0 

i 

308 0 

01-0 


’D, 

3183 0 

3983 0 

3410 0 


*D, 





•F* 

108 8 

3 0 

2 0 


•P, 

1849 0 

1 1707 7 

000 0 


. __ 




Configuration. | Term* 

1 An II 1 Ni I || Configuration. | Term*. | 

AuIL 1 Nil. 
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The present assignment of terms m the configuration 6d* also shows an 
approximate conformity with theoretical predictions of Gondsmit and Pauhng* 
regarding the multiplet separations as will be seen from the following table 
According to the theory the mterval factors of the *F and ’P terms should be 
equal. The mstanco of the similar configuration for Ni I is also given to show 
that exact conformity with theoretical predictions is not to be expected 


Interval factor A 


Term 


«<P6a* 'F 
M«a*« 'P 


An II I Ni I 

4S1 2 S17 0 

336 0 102 0 


A list of all the hnes involving the terms given in Table II is given m order 
of decreasing wave-length. The wave-lengths have been taken from the lists 
in Ka)r8er’8 “ Handbuch ” and from the paper of Lang (ioc. cif.). The wave¬ 
lengths are m LA. The intensities are given as noted by the different observers 
so that they are not comparable 


Obaerver. 

Intenuty 


Obaervod 

CakuUtod 
¥ vac 

Deaigoation. 

B. * V 

1 

0466 62 

16483 0 

16483 8 

6«»»P,—6p»P, 


I 

6022 74 

16509 2 

10690 7 

e -6p*D, 


8 

6837 44 

17120 1 

17126-2 

6«»K},—6p»F, 


1 

6720 82 

17466 9 

17466 1 

d —6p»P, 

E itH 

2 

4760 22 

21001 6 

21001 6 

o *Dt 


lu 

4683<7 

21810 4 

21810 4 

— a 


3r 

4437 30 

22629 9 

22623 8 

(7)6p»F,-6a7a*F, 


2 

4420 64 

22614 8 

22614 9 

a —6p ‘D, 


I« 

4410 2 

22668 4 

22008 4 

^•Di— a 


Iv 

4306 4 

27744 7 

22747 0 

6«**Tr,-a«'F, 


6u 

4316 14 

28107 7 

23167 8 

6p‘K,—6«7a*P, 


1 

4269 97 

23467-8 

23467 8 

e —^*Pi 


2 

4088 27 

24483-1 

24483 3 

o — 9p *T't 


2 

4076 34 

24624 9 

24624-9 

6a»*F*—6p*P, 


U 

4061 0 

24017 5 

24617-7 

6**H1.—6»»P4 


6 

4063<83 

24667 2 < 

d 2—' 8p 


5 

4010 06 

24803 I 

24892 9 

8«*‘D,-6p*P, 


1 

8979 66 

26121 4 

26122 6 

6a»»P,-^*P, 


1 

3880 22 

26764 8 

26761-0 

6p*P, - a 


1 

3860 00 

26836 2 

26834-8 

6a»*P,—6p»P, 


U 

3869 3 

26904 1 

26004 8 

6a*»P,—6p»D, 


2k 

3826 7 

26131 6 

20180 6 

6*»*P,-6p»P, 


6 

3803 00 

26280 6 

20280 6 

6a*»lJg-6p*D, 

» 

1 

3773 16 

26496 6 

1 26496-4 

d -6p‘F, 


* “ Stmotme of Line Spectra,’* p. 162. 
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Obterrer, Inteuitjr. IA 


E A H lit SeSS'fi 

„ 1« 3848 8 

„ 2 883813 

4 3833 28 

„ 1 3601 08 

1 3801 54 

„ 1 8623*38 

1 3402 OS 

„ 1« 3382 0 

„ 1 3320*21 

1 3300 00 

„ 1 3273 89 

„ 1 3243 37 

„ 3 8230 88 

„ 1 3228 00 

1« 3164 0 

2 8166 57 

, 1 8146 37 

.. 1 3148 82 

6 3122 60 

’ Iv 3103 0 

„ U 3003 8 

„ 2 3018 82 

8 r 2996 00 

Sr 2900 28 

„ 2 2988 11 

„ 4 2932 19 

„ 2 2918 40 

10 2913 62 

„ 4 2907 07 

3 2908 03 

2 2885 68 

„ 1 2884 64 

„ 1 2862 64 

„ 2 2847 09 

1 8830*28 

„ 2 2808 31 

„ I 2796*66 

„ 1« 2748 8 

8 2748 26 

„ 2U 2732 00 

3 2688 16 

„ 1 2688*06 

, 2 2827 04 

„ 2«( 8600 10 

„ 1 2882 61 

2 r 2644 26 

.. 1 2616*10 

1 2402 82 

„ 2 2477 76 

1 2448 16 

1 2448 66 

U 2419 32 

1» 2416 62 

„ 1 2388 39 


27383 8 
27443 6 
27801 8 


27816 8 


27381*6 d —8p>D| 

27444 3 6|)*D,— / 

27608 4 I (T) e —6p»F, 

27818 6-1, c —8p*D, 

27618 1-r6«*»P,-8p»D. 


27761 8 
28148 8 
28374 0 
28620 9 
20889 8 
30100 0 
30203 7 
30637 8 
30883 4 

30944 6 ^ 

30070 0 
31887 8 
81870 8 
31773 8 
31782*1 
32018*4 
32208 2 
32318 6 
33148 8 
33379*3 
33432 0 
33623 6 
34094 3 
34286 3 
34312*7 
34388*7 
34402 3 [ 
34644 9 
34899 3 I 
38046 2 
36113 3 
36322 1 
38636 2 
36780 6 
38388 8 
86$76*0 
38802 4 
87180 3 
37484 0 
38084*3 
38807 O 
39011 0 
39292 8 
80747 9 
40108*4 
40346 8 
40888 2 
40878*2 
41321 4 
41367 8 
41886 4 


27762 2 6 —8p»D, 

28148 9 6«**D,-6p*F, 

28373 6 r —6p*D. 

28820*2 b — 8p»D, 

20886 5 8p*P, 

30111 O 6p»D*— g 

30207 8 6p*Di—6»7*‘P, 

30637*8 6p»P,— / 

30819*1 6p*D,— k 

30044 0-♦8p«D,—8(1»D, 

30947 0-r6p»F,—6 j7/i»G, 

30044*1-r6j**F,—8p*0, 

30071 0 6p»Di— 0 

31688 I 6p*D,—6<1*P, 

31677 1 (T)6p»D,— h 

31774 4 0ii*Dj-fl*7**F» 

31781 0 6p>P,—8»7**F, 

32016 4 ai**F*—6|>»P4 

32208 I 6f)»F,—8*7»»F, 

32320 2 6p*0,—6p*D, 

33148 8 6«**D,—ap»P, 

33378 2 6<*»P,—^»P. 

33432*6 6p»D,—e*7»V, 

33623 A a 

34090 0 6<»*P,—8i»>P, 

34288 8 Bp»P,—a»7**P, 

84312 8 6»**F4—8j»T), 

34388*2-rBl* •?,—to ‘P. 

34883 3- a —6p»D, 

34403 3 I 6«*»Fr-6p*F4 
34648 0 6j>‘D,—to*D, 

34800 0 I ep^D,— 

36044 3 Ap'P, 

36048 8 e«7«*F, 

38112 3 6p*P,-84»P4 

38322 1 

38838 0 6p>Pi—6«I*P, 

36764 0 6])*Fr-6i{>U4 

38367 8 ep^Pj—6(1»D, 

38372 0 Bp'F,—6.7»*F, 

36692 4 6p>Pi—6</‘S, 

37188*8-i*6p»F4-to7»»F4 

37189 2-r6«»iD4—6p>F, 

37484 0 ^»P,-ir*P, 

38084 4 6a*iU,—6p>D4 

38606 6 6ip»P,—a3»lX 

30010 0 6p*Fg-6«7**P, 

39202 0 6»**P4—6pi», 

30747 8 6p»P,— / 

40108 3 6p*D.—6»7#'P. 

40347*4 6p*D4—6i7«»P, 

40868 2 6p>D,—a«7»»P, 

40878 4 8p>D,—8«7«*P, 

41321*1 8p*Fr-84*F, 

41368 8 ^•Pg-84*D, 

41882 8 6^*Fg-6p‘F, 
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ObMtrer Intensity 


42718 0 42718 1 

42828 0 12830 0 

42869 8 42870 0 

42^ 8 42983 2 

43235 7 43235 9 

4 as7S ft ^ *3372 2- 

43375 8 ^3,4 3_ 

43444 6 43442 6 

43499 2 43498 2 

43579 9 43579 2 

43625 5 43030 5 

43688 0 43688 0 

43698 9 43695*2 

43782 9 43782 8 

43891 9 43891 6 

44118 1 44117 3 

44161*6 , 44159 3 

44207 1 44206 3 

44313 7 g_ 

44332.1 c-*- ***** 
44332*1 2_ 

44362 4 I 44362 4 


-►6p»D,—6*7**0, 

-i. 6 j*»F,— 6p‘D, 

6|»n),—6*7* »P, 
6p»D,—6«7«*F, 
6p>D,— t 
6p>D,—OdHJ. 
(t) 6p »Pi—6*7* »P, 
^»D,-6«7«*P, 
6p»P,—6«7«*P, 
6p»Dr- * 

-).6p»F4—6-7»‘P, 

-►6p»Pi—6tJ*S. 

6pq)g—6«7»*r, 

6«*»F4—eip'P, 

e/* 8 , 

Op'Di— % 

6p»D.-6d*D, 

-►6p*F,— e 

->.6p»Dg—6d*F4 

6«*»F,—ep'F, 
6p *04— g 
6p»F4—6*7*^ 
Op»D,—6*7*% 
6p»Di— 3 

^»p’—6rf^‘P, 
6p»P,—6d»P, 
6p»D,—6rf»P, 
6p»P4-6«7»»a, 
6p»D,— h 
—>-6p»F,—6«7«»F, 

-►6**»F,—e|p>D, 

- t-tip •F4—6#7« *04 

-►6p*D,—6(J»D, 

6ji»F,—64|»0, 
0p*P4—6rf*0, 
6 j»*F 4—6<l*a, 
6/>»P,—6<1*D, 
bp»P,—6«7« •F4 

-K6p»D,-6<i*F, 

->.6p»F,-^lrf»D, 

->.6j)»Dg—6<i«D. 

-►6p»P,—64*8, 

6p»F4—6<J»D, 
6p»P,—6»7 j^, 
6«**F4—6p‘P, 
6p‘P.— e 
6 p»P 4 — 6 (i*F 4 
6p*P,—6rf»P, 
6|.*P,—6*7i*P4 


^*Fr-6»7.*F4 
«^»F,—6*7»*G4 
6 |»*P 4 — g 
(ipVr-«n»*V, 
6p*F,-6*7»«04 
6 p*P,- 6 rf *04 
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In conclusion I desire to express my best thanks to Professor B Venkate- 
sachar and T. S, Subbaraya for their kind mterest and helpful criticism. 


Summary 

The paper embodies an extension of the analysis of the An 11 spectrum. 
The configurations considered are 6<i* fis*. fid® 6d and fid® 6«7«. Of the terms 
arising from the first two configurations, some defimtely and some tentatively 
have been fixed by McLennan and McLay, the first to classify the hues of this 
spectrum. In the present paper thirty terms have been newly located and 
more than one hundred hues classified. To make the list self-contained other 
relevant hues have been included. 
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InvesligcUtons tn the Infra-Red Region, of the Spectrum. Part IX — 
The Absorption Spectrum of Chlortne Monoxule (01*0). 

By 0 R Bailey and A. B. D Caasik, The Sir William Runway Twboratonos 
of Inorganic and Physical Chemistry, Umveraity College, London 

(ronimunicated by F C Donnan, F R S —Received April 13, 1933 ) 

Recent applications of quantum mechamcs to polyatomic molecules have 
given new theoretical rules governing molecular structure, and seem likely to 
provide much information regarding the nature of the forces actmg between 
the constituent atoms In many cases we find that the bonds between neigh- 
iMJurmg atoms may be classified accordmg to the resultant component of 
angular momentum of the bondmg electrons m the direction of the line joining 
the atoms Thus bonds may be of the a-, n-, S- and similar types, together 
with the non-localizcd bond obtamod when the electrons available for bond 
formation are present m excess of the number usually require*! Theory has 
almost outrun experiment m that data, espocially of a spectroscopic nature, 
are at present confined to the simpler triatomic molecules in which no great 
< onstitutional difficulties are to be expected, and apart from the somewhat 
mdefimte and doubtful hypotheses of semipolar and one-electron bonds, there 
IS no expemnental result which contradicts classical theory yet finds a natural 
explanation m quantum mcchames 

The structure of CljO provides such a crucial test.^The molecule consists 
of two atoms of chlonne each of large polansability compared with the central 
oxygen atom to which they are joined , if the stability of a molecule be deter- 
nuned by the polarizability of the constituent atoms, the substance should 
have a Imear structure, apart from any ad hoc evidence adduced Ixom other 
sources as to the angle between two oxygen bonds. According to the quantum 
mechanics, however, the stable structure of a molecule is determmed not by 
the polarizability alone, but rather by a combination of the polarizability of 
the atoms, and by the mteractions of the valency electrons, the second factor 
playmg by far the larger part ui dctermmmg the structure. Wc shall see that 
the triangular molecule with a vertical angle not far removed from 90° is 
demanded by the quantum theory and supported by the experimental evidence. 
The gas absorbs contmuously in the ultra-violet, and evidence as to the funda¬ 
mental frequencies and force constants must consequently be sought m the 
infra-red. 


VOL. OXLII.—A. 
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Experimental. 

The apparatus was similar to that used m the investigation of chlonne 
dioxide * The gas required careful drying since the presence of traces of 
water vapour leads to rapid attack of the rocksalt end-plates, and the samples 
used were obtained by repeated distillation over phosphoric oxide We are 
indebted to Mr and Mrs Goodeve of this Department for their kind advice in 
the preparation of this substance 

Obsprmltons 

The region investigated lay between I and 18 p,, and four bands were observed 
Their characteristics are recorded in Table I 


Table I —The Infra-red Absorption Spectrum of C1,0 


1 

Band nontro I 

1 Maxima t 

d. 1 



Band | 

1 

_ 

-- ; 


for 

P- R ' 

Intenaity 

Priam 


A(m) 

K,(om ») 


¥ 1 (cm-*) j 






15 01 

828 1 




A 

16 63 

640 

!."> 36 

651 1 

23 

30(6) 

Sylvine 




10 33 

967 i 




B 

10 28 

073 

10 28 

973 ! 

13 

60(6) 

Buckaalt 




10 20 

080 1 






8 Ill 

1233 ' 




0 

8 033 

1246 

7 937 

1260 

27 

20(10) 

Rockaalt 

D 

7 623 

1311 

7 626 

nil 

- 

10(10) 

llockaalt 


The estimates of intensity at the slit-width used (the figure m brackets 
gives the extent of spectrum included m wave numbers) are rough approxmui' 
tions, the maximum pressure used for the preliminary exploration being that 
of C1,0 at 0° C., some 70 cm of mercury. 

Indtmduai Bands 

Band A at 16’-63 p —This is shown m fig. 1, m company with the 14 87 p 
band of CO|. The two bands always appeared together and with much the 
same relative intensities , curve (a) was obtained with a smaller sbt-width and 
lower pressure, and the doublet separation is the same as that given by 

* Pert VI, ‘ Proo. Roy. Soo.,’ A, voL 137, p. 622 (1932). 
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Schaefer and Philippe* for the long-wave 00, fondamental, the band centres 
also coinciding. When the ongin of the more mtense component was suspected, 
fresh samples of the monoxide were prepared, but it was found impossible to 
remove the impurity It is probable that CO, dissolves in liqmd 01,0, and the 
mamtenance of the relative mtensities indicates that we may be deahng with a 
constant boiling pomt mixture, we have smee learnt that solid sodium hypo¬ 
chlorite or normal calcium hypochlorite may be obtamed, and distillation of 
a sample over either of these substances might offer a means of purification, 
but this has not been tned. No appreciable absorption was observed m the 
neighbourhood of the 4-26 p. GO, band but Burmeister’s onginal examinationt 



shows that this band has only approximately one-tenth of the intensity of the 
band at 14-87 p. On freezing the mixture, CO, seemed to be given off, since 
a white frost appeared on the central stem of the trap, but even by warming 
the upper part while keepmg the monoxide frozen effected no appreciable 
separation on pumping off. The frequent attempts to remove the impurity 
were made not so much because of doubt as to the origm of the band, but 
because consideration of the isotope effect shows that it is possible that there 
may be a second CI,0 band obscured by the CO,. 

Band B at 10-28 p (973 cm .~^); fig 2 —^Trouble was experienced m the 
examination of this band smoe it appeared to gain in intensity with time ; 


K 2 


• • Z. Physik.’ voL 36, p. 641 (1926). 
t ‘ Verb, deuta. phys Qes vol 16, p. 688 (1913). 
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the peculiarity was due to the presence of traces of water vapour which caused 
the monoxide to attack the rocksalt plates. Repeated distillation over 
phosphoric oxide at length produced a sample without effect on these, and 
with the band intensity completely under control. The solid obtamed m the 
reaction may be sodium hypochlorite, the attacked plates absorbmg at exactly 
the same wave-length as the gas. The band appears to have a Q branch, and is 
considerably narrower than the others. 

Band C at H 033 n (1246 ; fig 3 —No difficulty was experienced in 

reproducing the observations for this band, and the peculiar contour with the 
flat portion between the two somewhat mdistinct maxima is characteristic and 



defimte It will be seen that consideration of the isotope effect is required 
for the mterpretation of the envelope. 

Band D at 7-626 p (1311 cm "•)—No resolution was achieved, and the 
smgle maximum obtained is mdicatcd at the short wave end of fig. 3. 

The Band Assignments 

from the mtcnsity of the bands, and from the isotope effect, it seems reason¬ 
able to assume that m Dennison’s classification,* and v, are to be allotted 
to the two strong bands at 8-03 and 10-28 p. One of these must be the 


• • Rev. Mod. Phys ,’ vol. 3, p. 280 (1931). 
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asyinmetncal vibration v„ and since band B at 10-28 (t is much the more 
intense m the in&a-red, it is probable that it represents this fundamental mode, 
and that is band C at 8-03 p The long-wave fundamental, v,, is more 
difficult to place , on account of the ngidity of the molecule as defined below, 
it 18 very likely that this symmetrical mode is responsible for band A at 15 • 63 p, 
and consistent solutions for the force constants are obtained on this supposition 
In spite of the comparative heaviness of the atoms, the type of structure for 
this molecule (as m H,0 and demands a rather high frequency for this 
mode The possibility that the observed band is the first harmonic of another 
at some 340 cm has not been neglected, but does not lead to concordant 
solutions Band D at 1311 cm is probably 2vg, the calculated value is 
1280 cm and although it is uncommon to find the observed value of a band 



greater than the calculat'd value, the effect may be due to interaction between 
the election shells of the chlonne atoms It is to be noticed that unlike SO, 
and CIO,, the monoxide has the asymmetric vibration, v„ at a lower frequency 
than the symmetric The effect depends upon the masses of the atoms and 
upon the ratio of the force constants in the molecule, and a full discussion is 
given by Kohlrausch* when various vertical angles are considered. 

The CMonne Monoxide Mdecnle 

When the fundamental &equencie3 have been selected, and inserted in 
formulae (1) and (3) of Part Yl {loc. cU.) vanous possible semi-vertaoal angles 
emerge , and for each possible value one of the fundamental frequencies corre- 
• •• Der Smeltal-Raman Efiekt," p. 173 (1931) 
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BptmdB to a mode whoee efEective eleotrio doublet lies perpendicular to the 
bisector of the vertical angle, the other two having effective doublets parallel 
to this Ime. Again, the least axis of inertia must be parallel or perpendicular 
to this bisector, and the choice between the two directions is determined by 
the known vertical angle Hence the orientation of the various effective 
electric doublets relative to the least axis of mertia is known for all possible 
angles, and the selection rules tell us that for fundamental bands Q branches 
should appear only when the effective electnc doublet is parallel to the least 
axis of mertia. The presence or absence of Q branches is thus final in deciding 
which of the possible vertical angles is correct. 


Table II —Possible Semi-vertical Angies, Transverse Frequencies, and Force 
Ckmstants for C1,0 



('entral lotco nyiitom 

Valence force fiyaU m 

frequency, 
r, (om -*) 






PuBuUe 

■emi-veitMwl 

K(C1—0) 
dynm/ 


Powtiblo 
Mimi-vertical 

KfCl—O) K 

dynes/ | dyne 


angle, a 


cm X 10* 

angle, a 

om X 10* j cm. X 

640 ^ 

20 

4 7 

10 

30 

1 

3 5 1 68 

17 

0 8 

11 



973 1 

04 

36 

1 6 1 

1 7 8 

12 

4 0 

^ No Bolubon 

1240 

No eolation 

No eolation 


The solutions obtamed when the three fundamental frequencies are in turn 
considered as the asymmetric frequency, v„ are given m Table II. The force 
constants K (Cl—0) and K (Cl—Cl) are the otdmary Imear coefficients , K« 
IS the tangential restormg force per umt arc displacement of the vertical angle 
and appears only m the valence force system. The only possible solution 
with the latter system is provided by the unlikely assumption that the long¬ 
wave fundamental. A, represents the asymmetne vibration, and the value of 
obtamed on this supposition is so large as to exclude this possibihty, apart 
from other considerstions. The solution m the same system with band B at 
978 cm as V, gives sma as 1*06 ; with the approximations of the theory, 
this value might represent a rectilinear molecule, but in this case the asym¬ 
metric frequency becomes the asymmetne Imear vibratum, and the Cl—O 
force constant drops to 3'6 x 10* dynee/cm., and by analogy with other 
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triatomic molecules is excluded. Furthermore, simple calculation supplies the 
approximate positions of the other bands, and no agreement with observed 
results IS found It is unfortunate that no ilaman spectrum is available for 
either C1,0 or the hypochlorites, smee the most powerful line in this spectrum 
has a displacement corresponding to the most symmetrical vibration, v^. 
The highest fundamental frequency m a rectilinear molecule is invariably the 
asymmetnc mode, and if the bmding corresponds to a single valence stroke 
as is probable m this case, the force constant m some G X 10^ dynes/om Band 
B 18 too intense to be any but a fundamental tone, and it cannot be the 
symmetrical vibration in a syinmetncal tnatomic molecule as it must then be 
inactive m the infra-red The possibility of the rectilinear structure is thus 
excluded on several counts 

In the possible tnangular forms wo have to deterimnc the orientation of the 
least axis of mertia with respect to the bisector of the vertical angle This 
axis IS parallel or perpendicular to the bisector as tan* a < or > 1 /(I 2in/M), 
and for C1,0 this gives a cntical value for the vertical angle, 2a, of 46° The 
transverse fundamental mode has an effective electric doublet normal to the 
bisector, and the symmetric modes have doublets parallel to this Ime, the 
effective doublets for the harmonics of the transverse mode are alternatively 
parallel and normal to the bisector, while the doublets for the harmomes of the 
symmetric modes are always parallel to this line Knowing the possible 

Table 111 —Orientation of the effective electric doublets with respect to the 
least axis of inertia for possible solutions of the frequency equation. 




Central force ayslem 


Valence force syatem 

Band, 


Vertical angle 2a 


Vortical angle 2a 


SO" 

i 34’ 1 

72” or 108“ 

1 ’O" 

«40 

973 

im 

1311 

Panllel 

Ferpendioulsr 

Fcrpondiiular 

1 ^rallel 

Porpendioular 

Para^ 

Parallel 

Perpendicular 


solutions of the frequency equations, we can orientate the effective electric 
doublets with regard to the least axis of inertia ; the results are summarised 
in Table III. 

The band at 973 cm.~* is the only fundamental whose contour defimtely 
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suggests the presence of a Q branch due to asymmetry of the momenta of 
inertia, and Table III mdicates that the only solutions consistent with the 
observed contours arc those with 973 cm as the asymmetric frequencv, 
giving on the central force sjrstem vertical angles of either 72 or 108° The 
oxygen angle in the ethers has been detemuned by collision area methods, and 
from considerations of the dipole moments, and the bonds are found to be 
almost mvariably at an angle of 110° to each other * The approximations 
introduced enable us to say that m the case of chlorine monoxide, the vertical 
angle is slightly greater than 90° 

The Isotope Effeel 

Further supporting evidence is provided by the isotope eftis t The principal 
isotopes of chlorine have atomic weights of 35 and 37, m the frequency ratio 
of three to one. The probability of the chlorine atom in the dioxide having 
mass 36 18 J and for mass 37 is J, and the ratio of the intensity of the bands 
(IFOj to those of Cl®’0j is 3 1, Since the bands overlap to a large extent, 
the latter are almost unobservable with the resolution attamed, but conditions 
are much more favourable with the monoxide The relative intensity of the 
bands due to (Cl“), 0 and (C1*®C1*’) 0 gives a ratio of less than 3 1, the prob¬ 
ability of the first molecule is 9/16, of the second 6/16, and of (C1**),0 is 1/16 
bands due to the last molecule may be neglected as too weak to detect under 
the experimental conditions, but the (CI*®C1*’),0 band has an intensity 2/3 
of that of the (C1*^),0 band, and should therefore be observable. 

The isotope separation can be estimated from the frequency formula, and 
the central force system is adopted as giving the possible solution. The 
frequency of the asymmetric mode is given by 

rtj* — Kj [l/»» + (2 Bin* a)/M], (1) 

where n is 270;v, M and m the masses of the oxygen and chlorine atoms, a the 
semi-vertical angle, and Kj the 01—0 force constant. Differentiating with 
respect to tn gives 

Awj = — A»»Ki/2m*n3. (2) 

Formula (2) gives the isotope separation of bands due to (CP)|0 and (CP),0, 
and we shall assume that the separation of bands duo to (C1“),0 and (C1*®CP),0 
is one-half this value. 


Freudenberg, '* Stereoohenue,” p. 262 (1932) 
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The syrametncal frequonciea are given by 

» = 2-^r2 K, + (l+|%os=a)K, _ 

± \/ 4K, -I- 1 4 - Sfl + ^)co8*« IK,K, + (1 + ^cos*«fKi»], 

(3) 

where K* is the Cl—Cl force constant Differentiating with respect to m we 
have 

A Am , AmK, C 08 *« ma.* — 2Ka ... 

An. ~ — ■— n, H-L — n ... mi , i , i— (4) 

2m mMn, 2mV ^ | 2K,+(H-|‘cos*«)K, | 

The required separation is again assumed to be one-half that given by (4) 

On insertion of the expt'nniental value vj 973 cm. ^ in (2), we obtain an 
isotope separation of 4 era ^ for the transverse mode This separation depends 
only on the 0—01 force constant, K„ which we have taken as 7 X 10* dynes/ 
cm , the actual value as seen from Table II may be slightly leas, but it can 
never be sufficiently small to influence appreciably the calculated separation, 
which 18 likely to lead only to a blurring of the contour of the band, as 
shown in fig 2 

The isotope separations of the syninietnoal modes, Vj^ and v„ depend not 
only on K^, but also on Kj and the seini-vertical angle, a The solutions of the 
frequency equations give a rather large range of possible values of K, and a, 
and we have accordingly calculated isotope separations for these modes from 
formula (4) for representative values of the variables, they are reproduced 
in Table IV The separation for the v, mode is seen to be comparatively 
insensitive to changes in and «. but the variation for the long wave is 
considerable 

Table IV —Calculated Isotope Separations 
Semi vertical angle, a ' -IS 45' | 56° 

K,(dynea/cm \ 10-‘) 1 7 14 | 2 7 14 i 2 7 14 

Jv, cm '(v,-=640 cm-*) I 13 0 3 j 14 fl 3 I 22 6 2 

Jv, cm ^ 1245 cm ->) 13 13 15 13 IS 16 | 14 14 16 

It Will be gathered from the above that the band at 1246 cm.~i must consist 
of two superposed bands which Iiave their centres some 13 cm.~^ apart, and of 
relative mtensities 3.2. Fig. 3 indicates that the observed band is in fact 
composite, as is shown by the rapid change in slope near 1220 ciu.~^, and'by 
the flat portion between the extreme maxima. The latter accordingly repre- 
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sent the R branch of the shorter wave component and the P branch of the longer 
wave band, and an envelope roeembling that observed can be constructed 
from two bands of the given relative intmisities, with P and R branches separated 
as m band B by some 13 cm.~^, and with band centres differing by 13 cnL~‘. 

The general shape of the contour of the fundamental at 640 cm ^ may be 
reasonably due to an isotope separation of some 6 cm but the interference 
of the CO, band prevents deffmte measurement 

The Force Cotistanie 

Table II indicates the rapid increase of the force constant for the external 
atoms in a aymmetncal tnatomic molecule govenieil by central forces as the 
vertical angle is opened out. Owmg to the uncertainty m the value of the 
vertical angle, we can only say that smce it is not far removed from 90°, the 
force constant K, will he m the neighbourhood of 7 X 10* dyncs/cm This is 
of the order correspondmg to a single chemical bond, and at hrst sight seems 
large when we realize that the two atoms in question are probably not in 
chenucal combmation. It is twice that observed for SO, and CIO, (3 5 X 10* 
dynes/cm), m which the valence force system provides the only possible 
solutions, the rigidities are not m the same ratio, since the valence system 
constant, K«, refers to the tangential rcstonng fone per umt arc displacement, 
while the central force constant, K,, refers to the restonng force per umt 
central displacement of the length of the triangle base 

Wo have to consider what is meant by the success of the valence force system 
in the one case, and its failure m the other. A possible solution with the 
valence force frequency equation imphes a potential field such that the direction 
of least rate of increase of potential for motion of either atom at the base of 
the triangle is normal to the side of the triangle, and this in turn implies 
that the force constant acting along the side of the triangle is considerably 
greater than the force constant effective for displacements normal to this line 
On the other hand, failure of the valence force system signifies that the force 
constant effective for displacements normal to the side of the triangle is com¬ 
parable with, or even greater than that for displacements m the direction of 
the side. In fact a system that gives a solution with a large vertical angle 
with central forces clearly mcreases the length of either side rather than 
displaces the vertical angle from its equilibrium position. Thus we say that 
the vertical angle rigidity of C1,0 is of a greater order than that of either 
SO, or CIO,. 
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SimSar MoUcudea, 

The electrouo stractares of water vapour and hydrogen sulphide would 
suggest that these molecules are spectroscopically like chlorme monoxide. 
Considerable uncertainty still exists as to the fundamental frequencies of the 
first two compounds, but Plyler concludes that m the case of water vapour, 
they are given by v, — 1697, v, = 3746, and v, = 6307 cm On insertion 
of these values in the frequency equations, we find m confirmation of our con¬ 
clusions that a possible solution is provided only by the central force system, 
the vertical angle is some 110°, the O—force constant is 7'6 X 10* dynes/cm., 
and the H- -H force constant, Kj, is 6 x 10* d 3 me 8 /cm. The value for the 
vertical angle is only approximate, as the fundamental frequencies are not 
greatly sensitive to changes in its value The rules developed m Part VI (loc 
cU ) indicate from the presence of a Q branch m the 3746 cm * band that the 
vertical angle is greater than 86°, and since this is the asymmetrical frequency 
for the possible solution, the least axis of inertia must be perpendicular to the 
bisector of the vertical angle, and the larger value for this angle is confirmed. 
The deductions are in agreement with the absence of a Q branch m both the 
other fundamentals For hydrogen sulphide the vertical angle must be greater 
than 88°, and the force constants arc of the same order 

Eledrontc Structure 

Both H,0 and CI,0 have a central oxygen atom which reqmres two (2p) 
electrons to complete its shell, while both hydrogen and chlonne require one 
electron. If we regard the electrons required to complete a shell as equivalent 
to electrons outside a closed one, we can say that oxygen has two (2p) electrons, 
hydrogen one (Is) electron, and chlorine one (3p) electron. The difference 
between the quantum orbits in the last two cases is not of vital importance in 
det erminin g the configuration of the molecule ; for Slater, Pauling, and Hund 
have all shown that a central atom with two (2p) electrons available for binding 
always tends to form bonds which ho at nght angles to each other. Departure 
from this configuration will be due chiefly to other chemical bonds withm 
the molecule, and these are lacking in the two cases considered, which form a 
close approximation to the ideal case of two p-electron bonds originating in 
one atom, and resulting m the attachment of external atoms by or-bouds. 

This discussion ignores the difference between the (3p) chlonne electron and 
the (Is) hydrogen electron. If the chlorine electron be placed in a (3po) 
proper function with respect to the O—Cl diiecbon, the bondmg power of this 
electron will be little different from that of a (3s) electron; the resulting effect 
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will be to give a larger »eparation for O—Cl than for 0—H, and the ohionno 
atom will have a larger polarizability, the last factor might be expected to 
constitute the greatest difEerence between the two molecules, and one would 
have anticipated its effect on the configuration of the molecule to be greater 
tlian the analyses of the infra-red bands suggests The reasonable conclusion 
IS that the polarizabilities of the constituent atoms are of much less importance 
than are the values of the exchange integrals The main distinction between 
the two moleeules lies m the values of the Cl -<!l and H—H force constants , 
both are large, but that for Cl—Cl is greater than that for H—and the 
difference may be due to exchange of electrons between the two chlorme atoms. 
If the angle ClOCl is approximately 90“, as is requireil by the infra-red data, 
and also theoretically by the orthogonality of the Imear combinations of the 
p proper functions of oxygon, then there must bo overlapping of the electron 
clouds of the two chlorme atoms We might thus expect exchange integrals 
to be fimte for two electrons one on each chlorme atom, wnth a resulting attrac¬ 
tion. The chlorine shells are only virtually closed, certainly not m the same 
way as those of the inert gases. Cl^O should thus be a rigid molecule on two 
counts, and the large force constant K, is consistent with the structure pro¬ 
posed. With the smaller hydrogen nucleus the rigidity is presumably due 
entirely to the fixed orientation of the oxygen Imnds 

Other Molecular Data 

The rotational fine structure within the vibrational bands of an asymmetric 
rotator is extremely complex The maximal separation withm a Bjerrum 
doublet for such a molecule will accordmgly give only approximate values for 
the moment concerned, and only an approximate estimate of the molecular 
dimensions can be made The asymmetric vibration gives a rough mdication 
of the greatest moment of inertia, and for C1,0 the P and R branches m this 
band are separated by some 13 cm ' \ The moment of mertia oorrespondmg 
to this IS 274 X lO”** g cm *, and the calculated value for the 0—Cl distance 
18 then 1*8 A There is a general tendency for the mteratonuc distance to 
increase as one proceeds along a period towards Group VII (r, for N„ Oj, and 
F, 18 1 • 1,1 • 2 and 1 -6 A.; and for CO, NO, and 0, is 1 • 16,1 • 16, and 1 -20 A.; 
for SO it IS 1 '49 and for Cl,, 1*98 A.), and takmg mto account the large force 
constants of the molecule, we shall perhaps be not far out m snggesting some 
1*6 A for the Cl—0 distance, and accordingly some 2*5 A for the Cl—Cl 
separation 

The breaking of each 0—Cl Imk m C1,0 requires the same energy, appioxi- 
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inately 46 k cals ,* and the phenomenon appears to be characteristic of the pn 
molecular bonds from a (2p)® atom, since wo have the value of 111 k.cals 
for each link m the H,0 molecule, and may be taken as another tribute to the 
fixed direction m space of these bonds With ClOg, where the available electrons 
are one in excess of those required for normal bond formation, we have an 
electromc rearrangement consequent upon dissociation of the first oxygen 
atom which involves some 66 kcals, the second reqmrmg again 46 krais 
Similarly for SO, (where the rearrangement is greater with two excess electrons) 
the first oxygen neeils some 149 k cals and the second, 103 k cals The two 
latter molecules are governed by valence forces, the vertical angle is slightly 
greater than 120®, and the comparative looseness of the structure is a result 
of the electronic arrangement indicated It seems to be doubtful whether the 
first type of molecule can dissociate completely to give 0 + Cl,, or 0 + H,t 
as a first stage reaction, but it was shown m Part V1II+ that SO, may reason¬ 
ably give S -|- O, when the mole<*ule collapses 

The force constant between the external atoms exists mainly by virtue of 
the rigidity of the structure, and although it is large, it does not contribute m 
any marked degree to the heat of dissociation of the molecule Henco we are 
not dealing with a true chemical bond, and if the resonance effect referred to 
earlier exists between the chlonne shells, the bond is more of the type of the 
polarization bonds of metals 

The authors are glad to acknowledge their indebtedness to Professor Donnan, 
C B E , F R S , for hia constant interest and help , and to the Department of 
Scientific and Industrial Research for a Semor Award to A B D. C. 

Summary 

(1) The mfra-red absorption spectrum of chlorme monoxide, C1,0 has been 
examined between 1 and 18 p. and four bands have been isolated 

(2) Fundamental frequencies have been assigned, and the molecular dimen¬ 
sions approximately evaluated. 

(3) The isotope effect has been considered, and is shown to account for the 
envelopes of oortam of the bands 

(4) C1,0 and H,0 belong to the group of molecules whose vibrations are 
governed by central forces, and are characterized by a vertical angle of slightly 
greater than 90®, and a strong resistance to angular deformation. 

(5) The electromc structure of the substance is discussed. 

* Finkelnfauig, Sohumaohor and Stioger, ‘ Z. phys. Cbem B, vol. 16, p 127 (11)32) 

t Finkelnburg, SohumiK.het and 8tieger, lor rU, 

i ‘ Proo. Roy 8oo.,’ A, vol. 140, p. 005 (1933) 
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The Passage of Postt%ve Ions through Oases, 

By H. S W Massky, Ph D , Senior 1861 Exhibitioner, Trinity College, 
Cambridge, and R A Smith, M A, Emmanuel College, Cambridge, 
Charles Maclaren Scholar, Edmburgh University 

(Communicated by P. A. M Dirac, FES —Received Apnl 26, 1933 ) 

A large niunlier of mvestigations have been CArned out on the motion of 
charged particles through gases, and the subject has received added impetus 
from the introduction of quantum mechanics, as this theory is capable of 
dealing with collision phenomena in a manner that was beyond the reach of 
Bohr’s quantum theory. In the early days of the wave theory, many experi¬ 
ments were devised with a view to testing the validity of the theory , but now 
the foundations of quantum mechames have been so firmly laid that we may 
use the theory to clarify the more compheated phenomena observed m the 
passage of charged particles through gases 

Both from the experimental and theoretical point of view the most convement 
particles to study are electrons ; and, as a consequence, the phenomena observed 
in the colhsions of electrons with gas molecules arc well known and to a large 
extent understood Well-marked diffraction phenomena have been observed 
and the relative probabihties of elastic and inelastic collisions measured for a 
number of gases. Although detailed theoretical explanations have not always 
been given, it is possible in nearly all cases to give a general description of 
the main processes contributing to the observed effects. For example, the 
Kamsauer effect is now completely explamed f 

As well as the large amount of attention devoted to electrons, a large num¬ 
ber of expenmental investigations have been concerned with the passage of 
positive ion beams through gases Recent developments of technique have 
also made experiments possible with fast beams of neutral atoms. In nearly 
every case the investigator has been concerned with detecting analogies with 
the behaviour of electrons, and phenomena supposedly analogous to the 
Kamsauer effect have been described 

From a theoretical pomt of view, however, we would expect the behaviour 
of positive ions and neutral atoms to be markedly different to that of electrons, 

t Faxtn and Holtsmark, ‘ Z Physik,’ vol 46, p. 807 (1927), Holtomark, ‘ Z. Physik, 
vol. 56, p 437 (1929), Albs and Mono, *Z Physik,’ vol 70, p 607 (1981). 
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both on account of their much greater mass and of the opposite sign of their 
mtcractioa with gas molecules It is therefore very necessary to consider the 
hitherto neglected theoretical side of this subject, and this paper represents a 
first step in this direction. 

When a homogeneous positive ion beam passes through a gas, it may be 
weakened by elastic collisions with the gas atoms, resulting m deviations from 
the original path, by loss of energy owmg to inelastic collisions with the gas 
atoms, or by neutralization through electron capture. The last process is a 
siiecial type of inelastic collision, except in the special case of exact resonance 
which occurs when the ion beam is passing through a gas of similar atoms (t e , 
He'^ ions in hebum) In this case no kinetic energy is lost, but the ion which 
results from the transfer is not in general movmg m the same direction as the 
beam, and the process may be considered as an elastic collision which results 
in a large deviation We require to detenmne the relative importance of 
these processes under different experimental conditions, but as we are con¬ 
cerned only with ions and atoms with velocities considerably less than those 
of the orbital electrons of the atoms with which they collide, it is necessary to 
develop a theory of the collisions which is apphcable under these conditions 
Such a theory is developed and applied to a number of illustrative cases. The 
bearing of the results on the interpretation of the experimental material is 
also considered in detail 


§ 1 Theory of CoUtstom 

Let us consider the impact of two atoms A and B. We denote the co¬ 
ordinates of the atomic electrons with respect to the centres of mass of the 
respective atoms by r, and the relative co-ordinates of the centres of mass 
by r. The centre of mass of the combmed system may be sojiarated out to 
give the wave equation 

[« ^ *■“’ *•*) + ( 1 ) 

In terms of the co-ordinates r„ r^, r, M is the reduced mass -f- Mj) 

of the atoms, H, (r,), (r^) arc the Hamiltonians of the atomic electrons 

referred to the centres of mass of the respective atoms, V* ls the Laplacian 
operator m the relative co-ordinates r of the centres of mass and V (r, r„, r^) is 
the mteraction energy of the two atomic systems. 

Before proceeding further it is convenient to introduce a notation for the 
wave functions and energies of the atomic electrons when unperturbed. We 
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denote those wave functions by (rj, (Fj) and the corresponding energies 
by E^®, E^* We have, then, 



For convenience of notation we will not distinguish the separate states of the 
two atomic systems, but will denote a pair of states n, m by a single suffix n. 

A wave function (r,, r^) is then to be understood to be a product m„ (r„) 

(*■»). while E„ represents the sum E,® d- E^** 

In order to calculate the probabihtics of excitation, ionization, or charge 
transfer on impact of two atoms, we must obtain a solution of equation (1) 
which has the asymptotic form for lai^e r 

q, ^ (r,. r.) + £ /, («. <A) — 'I. (f.. *■*) (3) 

Here 

= 87t*M IE - E,,l/A2 

V -X [E - E J/A2 

Thus IcJ'iK IS the wave number for the relative motion after excitatmn of 
the nth state By computing the scattered current we find that tljcross- 
section for excitation of the «th state of the system by the impact, is given by 

(4) 

The usual method of calculating /„ approximately is to expand M"' in a senes 
of the form 

T = £,F,(r)4;„(r„.r,) (5) 

Substituting 111 (1) and using (2) gives 

1 iiSyf *■»’ *•*) + E - I («') (*•«> --» (6) 

Multiplying by (Ji*„ (r„, r^) and mtegratmg over the c-o-ordinate space of the 
electrons, we obtam liv virtue of the orthogonal properties of the atomic 
wave functions, 

IV> + J!„*]F, = S„U„„F„, (7) 

where 

IT„„ = ^ f j V (r, r.. r,) (r.. r,) (r„ r») 
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Under certain conditions these simoltaneous equations may be simpbfied 
sufficiently to give formuln for/, (0, ^). This is so when the velocity of relative 
motion IS high compared with that of the internal motion considered For then 
we may neglect all the scattered waves on the nght side of (7) and take 

[V» + V] F« = Uo,F„ = Uo, «■*»• % (8) 

where Dq is a unit vector in the direction of incidence. Solving the equation 
asymptotically by the method of Green’s Functions one obtams the formula 
(“ Bom’s approximation ”) 

/, (0. ^ j ' dT. (9) 


where n is a umt vector in the direction (0, ^), no bemg m the direction 0 = 0. 

A leas drastic simplffication may be made when the non-diagonal matrix 
elements U,* are small compared with the diagonal elements In this 

casef we may consider the mteraction of two states only in (7), and solve the 
resultmg simultaneous equations by successive approximations, commencing 
with the solution of the equation for the elastic scattenng 

[V* + i*-Uo„lFo-0 


In one other case we need only consider the interaction of two states o and ri. 
This arises when the states n and o are in close resonance, but all other pairs of 
states in poor resonance. As the matrix element Uo, is not necessarily small 
in the case of close resonance, the problem is reduced to that of solvmg the 


coupled equations 


[V* + ^**-UJFo = U„oF„ 
[V* f-i«*-U,,lF,=.Uo„Fo 


These equations have been discussed by Stueckelberg,J who applies the 
solution to the problem of the ionization of rare gas atoms by alkali ions 
When wo examine the problem with which we are concerned, it is clear that 
not only is Bom’s approximation invalid owmg to the small relative velocity 
of the ions and atoms concerned, but that the non-diagonal matrix elements 
are not small compared with the diagonal elements. In most cases the 
excited state is not in closer resonance with the ground state than with all 
the neighbourmg states. In fact, the energy difference between any two 

t Cf. Jaekson and Mott, ‘ Proo Boy. Soo A, voL 137, p. 703 (1932). 
t ' Helv. Phys. AoU,’ vol 5, p. 370 (1933). 
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excited states is usually much less than that between the mitial state and the 
excited state coiKiorned. These considerations indicate the necessity of 
developmg a method m which the mteiaction between all the states is taken 
into account to some degree of approximation Such a method may be 
obtamed by considenng the physical aspects of the problem The relative 
velocity of the atoms is small comiiared w ith the velocity of the atomic electrons, 
so it IS natural to treat the tivo atomic systems as if at rest and then mtrodiice 
the relative motion as a perturbation 
We therefore first consider the equation 

LH,(r,) f-H,(r») 1-V (r. r., r») - EJ / - 0, (11) 

m whicli the relative motion of the two systems does not appear Let us 
suppose this equation to bo solved for any value of r, leading to a set of proper 
functions (r, r^, r^) and proper values of the energy e* (f) f These functions 
are classified by their behaviour for large r We distmguish by the suffix n 
that energy value which tends to E„ as r -e oo We may therefore wnte 

tAf)-=K-riAr), ( 12 ) 

where i]„(r) -►0 as r -*■ oo The corresponding wave functions x form, for 
all r, a set normal and ortliogonal wnth respect to r,, r^. It is therefore possible 
to expand T in the form 

T = £„x»(r.r.,r,)F,(r), (13) 

and as before wo require solutions for the functions F„(r) such that has the 
asymptotic forms (3), i c , we must have 

F„(r)^c'*»-f-V„(0, <!>) 

F„(r)~c«« + c«^r-Vo(0, <f>) 

On substituting (13) in (1), remembering that 

[- H, (r J - (r,) - V (r, r,. r,)] x, - h, (r) - E J Xn, 

we obtam 

grad/„ bx.V^FJ--S„LE,-7i,(r)-E]x,F,. 

(16) 

f Throughout this oakulation it is assumed that the interaction energy between the 
two atomic systems, m both mitial and final statiMi, is a funutiun of r only When 
is not HO the effect of the angular momentum assocuited with the electron orbital 
motion m the psendo-moleoule must be taken mto account Thu effect will be small, 
except for high excited states 
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We now multiply both aides of this equation by and integrate over the 
co-ordinate space of r, and r^. 

Thw gives 

- 51 S grad 1?'„ II Z*« grad x« dr, dT». (16) 
In deriving this formula we have used the result 

|j/*ngrad,Xnd-r,dT4 =0, 
which follows from the uormalumg condition 


||zV«dT„dT» = l, 


on the assumption that x, is a real function of the co-ordinates r The general¬ 
ization for cases when this is not so presents no difficulty, but it will not be 
considered further as it involves considerable increase m the length of the 
resulting formulte without any appreciable modification of the final expressions 
for the cross-sections 

These equations replace equations in the usual method where expansions 
are made m terms of the unperturbed stationary state wave functions. To 
obtain approximate solutions we neglect all non-diagonal matrix elements 
except those which refer to the imtial state This leads to the equations 


V*Fo 4- [a* -h 7,0 (r) -4II x*oV*Xo dv,] Fo = 0 
V*F, + [V + (r) + II X%V*Z-dT,dTj F. 

= - Fo II X*«V*Xo dTo dTj - 2 grad F,. || x„* grad Xo dx. d-r, 


(17) 


The asymptotic forms of the solutions of those equations satisfymg the boundary 
conditions (14) may be obtained m terms of the solutions of the homogeneous 
equation 

V«F,-f [v + ^Tl«(r) + ||x%V*X,dT.dT,jFo = 0 (18) 
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If we denote by (r, 0) that solution of (18) which is finite at the origin 
and has the asymptotic form 

Sn (*■> 0) ~ + r"* X function of 6, (19) 


the solution of (17) sutisfymg the required conditions has the asymptotic 
form 

F, ~ f->e‘*-'jjj'g,(r',7c-0)x*,[V*Xo+2gradzo grad]Fo(r'. 0')dT.dT,dT', 

( 20 ) 

where 

cos 0 = cos 0' cos 0 + sm 0' sm 0 cos {<f>’ — <f>). 

Hence we have 


/.(O. 0) = III 5,(»^.’r-0)X*«[^*Xo + 2 gradxo grad]Fo(r', Q')dT,d‘:^dV. 

(21) 

To compare this formula with that obtcuncd by the method of expansion 
in unperturbed stationary state wave functions, we shall use functions obtained 
from a first order perturbation method (treating V (r, r^, r^) as small). We 
thus take for Xn, 

Xn=i>n-hS^ynM(En-EJ 
. V,,V«n 


= B, + V,, + 2 


E--K« 


where 


( 22 ) 


Substitution in (17) then gives 


V*F„ -f ifc„* 


- ^ -'‘■>1 

•Lk.-E. ...(F,,-KJ(E.-Hyj 

N^Iecting the effect of the summation terms and of the potentials U,„, Um we 
obtain 

/, (0. « j e-“- ' (V*V„ + 2 grad Vo,») grad e**--' dr. (24) 
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Making use of the fact that 

[V* + P1e'^- '=0, 

this formula may be reduced to Bom’s approximation (9) When the mter- 
action Y (r, r,, r^) can no longer he treated as small, the formula (21) will not 
in general reduce to Bom’s, even for the highest velocities of impact Tn 
such oases it must be remembered that (21) is derived on the assumption of 
low velocity impacts and cannot be expected to give correct results when the 
velocity of relative motion is greater than the orbital velocity of the atomic 
electrons concerned Born’s formula must then be used. 

We see also from this perturbation treatment how the formula (21) takes 
mto account the mteraction of the vanous stationary states to some degree of 
approximation 

We shall now consider the vanous phenomena associated with the passage 
of beams of heavy particles through matter m terms of this theory. 


§ 2. Elastic CdUxswns. 

For the elastic scattering we have the equation 

[V* + ^ (r) + f J rfT. dr,\ F„ = 0, (26) 

which represents the motion in a field of force of potential 

V = - 7)0 (»-) + jj X*oV»Xo dT. dTo. (26) 

This IS the mteraction energy of the ion and atom m their normal states, and 
so includes,t besides the Coulomb repulsion of the charge distnbutions, the 
exchange energy and the polarization. As we are not concerned in this section 
with the exact calculation of cross-sections we will assume that only the 
Coulomb repulsions are important This assumption is probably vahd m 
any case for collisioiu involving heavy ions or atoms, as it has been found that 
exchange is relatively less important m the theory of chemical combination of 
such atoms than it is for light atoms. We shall therefore consider the elastic 
scattering of protons by vanous atoms assuming that the potential acting on 
the protons is just that of the Hartree field of the atom. 


t Vide Lennsrd-Jonee, • Proo Phys. Soo Lond.’, vol 43, p. 461 (1930). 
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The cross-section for elastic scattering is given byf 

Qo-^S.(2s + l)8m*8.. (27) 

where S, is defined by the as 3 Tnptotic form of that solution of the equation 

£i m) -f {i* - V - m - 0, (28) 

which IS finite at the origin, this asymptotic form being written 
rh’o* ~ sin (Xr — J«t + 8,). 

The convergence of the series (27) is determined by the fact that S, is small for 
such « that 

^ , *(«+!) 

for 

lr = s+l (29) 

When this condition is satisfied S, is given with close* approximation by the 
formula! 

= (30) 

On apphcation of these formulas to the scattenng of protons by helium atoms 
it IS found that, for energies of impact between 60 and 1000 volts, a must be 
equal to about 100 in order that S, be sufficiently small to make (30) appheable. 
For values of s less than this, 8, is greater than iir, and sm* 8, therefore oscil¬ 
lates between values of 0 and 1 in this range of s For greater values of a, 
8, converges umfornily to zero as a -► oo. This behaviour of the phases is 
illustrated diagrammatically m fig 1 

Because of this behaviour of the tenns of the series (27), we may sum the 
senes approximately m the followmg way We break up the sum mto two 
pt^rts Qo®, Qa*, the first being the sum of the first S terms, the second the 
sum from S to oo We take S as being the order of that phase Sg which first 
attains the value of irt As S is a large number we have 

Qo«=.^^[“2*sin«{/(*)}dx (31) 

t Faz6n and Uoltsmark,' Z Physik,’ voL 46, p 307 (1927). 
t Mott. • Proo. Camb Phil. Soc.,’ vol 26. p 304 (1028) 
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f (x) 18 such that am* {/ (x)} oacillates rapidly m the range considered and may be 
replaced by ita mean value of This gives 
Qo" = 27rSa/i*. 

To calculate Qs* the sum is again transformed to an integral and evaluated 
by graphical integration. To do this it is only necessary to calculate the 
phases S, from formula (30) at a small number of suitable values of «. As 
tables of Bessel functions of order greater than 37/2 do not exist, a special 
method must be devised to make the evaluation of (30) possible The method 



Fio 1.—Illustrating behaviour of phase constants 8 as functions of the order » for 
collisions of jKwitive inns with gas atoms 

used IS discussed m Appimdix 1 As high actiiracy is not required S vras 
chosen usmg the formula (30) which is not stnctly applicable when S, is as 
gri’at as Jt:. 

The elastic cross-sections calculated for collisions of protons with hchum 
and argon atoms are given in Table I. 


Table I 


Ga«. 

Proton ewTgy 
(in « volte) 

CroM-aeotion 
(in unite of iro,*) 

Gas-kmetlc 
cnmi section 
(m unite of wo,*). 

He 

90 

3 75 

2 6 


800 

2 0 

— 

A 

73 

16-4 

7 3 


esu 

10-7 

— 
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It will be seen that the cross-sections in the voltage range given do not 
differ greatly from the gas kinetic cross-sections This result appears at first 
sight to be definitely contradictory to a number of experimental results Thus 
Denipsterf and Ramsauer, Kollath, and Lihenthal:]; found that the total cross- 
section (including inelastic as well as elastic collisions) for protons with energies 
bctwi'en 6<> and 2000 volts in helium is very much less than gas-kinotic The 
explanation of this apparent discrepancy lies in the form of the angular dis- 
tnbution of the scattered protons, nearly all the colhsions result in such slight 
deviations that the angular resolution of the apparatus used in the experiments 
cited above was not great enough to permit of their detection 
The number of protons scattered through an angle 0 into the sohd angle dot 
18 given by 

I (6) dto = ^ |S (2« + 1) (<>"•* - 1) P, (cos 0) 1» da (32) 

As the convergence of the senes m (32) is very slow, the du^t numencal 
evaluation of the angular distnbution would be virtually impossible, if it 
were not for the fact that the scattenng may bo calculated by classical theory 
except at very small angles of scattering The condition for classical scatter¬ 
ing! at an angle 6 is that the value of s such that 



must be largo and 8, must also be large for this value of t This condition is 
satisfied for proton collisions for all angles 0 appreciably greater than the 
first zero, tt/s, of the harmonic P, (cos 0) which is associated with a phase 8, = fjt. 
Thus for 90-volt protons in helium the classical formula holds for angles greater 
than 3° and for 72-volt protons m argon for angles greater than 30'. We are 
therefore able to use the classical formula over a wide angular range, and it is 
only necessary to calculate I (0) for 0 — 0 in order to detenmne the complete 
form of the angular distribution with sufficient accuracy. 

For 0 — 0 we have P, (cos 0) = 1, so 

I (0) = ^ r{S. 2 (2s + 1) sin* 8.}* + {L, (2s + ]) sin 28.}*] 

^ i 

t ‘ Phil. Mag vol. 3, p. 118 (1927). 

t ‘ Ann. Phyidk,’ vol 8, p 700 (1931). 

{ Unpublished work by N. P. Mott to appear shortly in “ The Theory of Atomio Ool- 
lisiMis,” by Mott and Massey, The Clarendon Press, Oxford. 
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The second term, which is usually small, may be summed by numerical 
integration, just as m the calculation of Use is also made of the fact that 
the mean value of sm 2S, is zero over the range of s where the phases are greater 
than in. 

In the range of validity of the classical theory of scattering the angular dis- 
tnbution is given by 

I /m _ « ^ 1 


where s is given by 

0 = TC 




RTraMV _ 

A* r*/ 


dr, 


and 18 the greatest zero of 

.j 87t«MV 
^ r* 


(34) 


Using (33) and (34) we obtam the followmg values for the variation of 
intensity of scattering with angle of scattermg for 110-volt protons m helium 
and 72-volt protons in argon f 

Tabic 11. 



The great concentration of the scattermg at small angles even for the low 
energy protons considered is clear This concentration becomes more marked 
as the energy mcreases, and for 1000-volt protons in argon the intensity per 
nnit solid angle at 0° is at least 10* tames that at 10°. The calculations for the 
Hartree fields are also compared with the Coulomb scattering by the un- 


t These energies are reckoned on the assumption that the protons are fired into a gas 
ot atoms at rest. 
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shielded nuclei m order to illustrate the effect of the screenwg of the nuclei 
by the electron distributions. 

Ramsauer and Kollathf have i-ccently measured the angular distributions 
of 64-volt protons scattered by helium and argon, and the curves obtamed agree 
satisfactorily with those calculated over the angular range of the observations 
(15“-1G7 5“). Actually the oliservefl curves are somewhat steeper at small 
angles than the calculated, but this is to be exjiected as electron exchange and 
polarization have been neglected throughout These will have the effect of 
mcreasing the interaction at largo distances and hence the intensity of small 
angle scattermg Ramsauer and Kollath foimd that the angular distribution 
for hebum is steeper than for argon m the observed angular range, just as is 
indicated by the calculations They also found that the Coulomb scattermg 
law does not fit the observations satisfactorily as it gives much too steep an 
angular distribution This is also in agreement with the calculations This 
13 therefore one of the few cases where cla$stcal theory has been apphed success¬ 
fully to the scattc'rmg by a field of force other than Coulomb 

§ 3. ExcUatton and Charge Transfer for Protons tn Helium. 

Referrmg to (21), it will be seen that we require the wave functions which 
represent the motion of electrons m the combined fields of the helium and 
hydrogen nuclei supposed held at rest. As there is no method known for 
obtammg these functions exactly, we are forcwl in this preliminary discussion 
to assume forms which are not exact, but which contam the e-ssential properties. 
Wc therefore make the followmg assumptions m evaluatmg the probability 
amplitude/,, (0, <^) (cquatiou (21)). 

Firstly, we take F^, to be the plane waves 6“'*" *■' respectively. 

This is legitimate when the energy of the incident protons is so high that the 
plane waves arc only distorted by the interaction at distances much smaller 
than those at which the remaining terms m the integrand of (21) are 
appreciable We choose our axis aloug no, so that 

iIq r' — r' cos 6', n , r' = / (cos 9 cos 6' 4- wn 0 sm 0' cos (<f> — ^')). 

Secondly, we take for the final electronic wave function x» just that of the 
undisturbed systems, t c , a combinatioii of two atomic wave functions having 
the correct symmetry This is admittedly very rough, but as we are not 
m a position to obtain the imtial wave function with accuracy it is not worth 

t ‘ Ann. Phygik,’ voL 16, p. 570 (1933). 
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while to complicate further a neceaaanly comphcated calculation by allowing 
X« to depart firom its unperturbed form as well as •/„. 

In any accurate treatment the wave functions Xo can only be detemuned 
by the use of a variation method in which a smtable form mvolvmg one or more 
arbitrary constants is assumed and the constants fixed by a mmimal condition. 
In the problem m hand a smtable form for Xo is 

Zo = No exp {- Z (rj + r^) - Z' (p, + pj)}, (36) 

where Z and Z' ore functions of the nuclear separation r, distances from the 
helium nucleus bemg denoted by r^, r^, and from the proton by pi, pj, for the 
two electrons respectively Z and Z' must satisfy the conditionsf 

Z-1-69 
0 

Z + Z'-s-2 69 

At intermediate distances Z, 7/ can only be fixed by mmiinizmg the energy 
given by the assumed fonn of tlic wave function, but as this is somewhat 
laborious the approximation was made of assuiumg Z and Z' to be given by 

Z = 1 69 'j 

Z'= 0 J 

Z ^ 2 19 

W = 0. 

Z' = 0 60 J 

^~ constant for r < fo, and zero for r > r,. (36) 

cr cr 

By comparison with the known variation with distance of the effective nuclear 
charge for the only analogous case which has been worked out, that of the 
hydrogen molecular ioi4 Hi'*' and hydrogen iuolecule§ Hj, this approximation 
18 seen to be reasonably accurate, and may be taken as a httle greater than 
the sum of the radii of the hydrogen and helium atoms, A value of 1 -76 
was therefore adopted for fg. Actually, in carrying out the calculation, the 

t ^is behaviour of Z for hebum is that obtained by Hylleraas. (Z Physik, vol. 54, 
p. 347 (1929)) 

t Okmdon and Motoe, “ Qaantnm Ifeohanios,” p. 178 (1929). 

IN. Bowm, * Fhys Rev..’ vol. 38, p. 2099 (1931). 
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discontdnuity in 0Z/0r was allowed for to some extent in the manner indicated 
below (see fig 2 ). 

Finally, we note that the term in (21) mvolvmg V*Xo niay be neglected in 
comparison with that involving grad Xo, since the method is applied only to 
slowly moving atoms and ions 

For the two cases considered here, that of the excitation of the 2 states 
of He, and that of electron capture by a proton, we use respectively the final 
wave functionsf — 


Xn = N, fr, c*'*- e-® e"® excitation 

* sm ' *8m 0, J 

Xn = for capture 

Insertmg these functions in (21) wo obtain — 

For excitation 

/ /ft jLi _ f/cos* O'Wji (r') — sm* G'W, (/) \ „ .. , , 

= S J l «■» O' «n O' (W,V)+ W, (/) )| ® * 

For capture 


fn (0, ^) = g j cos 0' W, {/) E (r'. 0') dT,. 


In these formulss 


E(f', 0') = exp [t/ {(A — A,, cos 0) cos 0' + A, sm 0 sm 0' cos 

and Wj, Wj, and W 3 are defined m terms of certam integrals over the electronic 
co-ordinates. They are given by — 


Wj = 2N, ^ IjJj - 2N„N. [g (IjJ, + J A) + (Vs f J 3 I 1 ) 

+ rZ' (IjJ. -f JA) - Z' (IjJj + J5IJ)] 

W3 = 2NoN.Z'{I,Jj + yj} 

Wg IB of the same form as Wj with K in place of 1 . 


(38) 


The mtegrals I, J, K ate defined below. As this type of mtegral occurs in 


t The wave function, Xm for excitation is that of the 2 'F state of helium in the approxi¬ 
mate form given by Bokart (‘ Hiys. Rev.,’ vol 38, p. 878 (1930)). 
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all problems mvolving two centres of force, we give a detailed treatment of 
their evaluation in Appendix 2 


Il cos 

0' = 

1 fl cos 0, c' 

-ar.-ip, 

Ji 


dTi 

IjCOS 

0' = 

fj* cos 0, e 

-an-bp, 

h 

= j ri e- 

dxi 

I3 cos 

0' = 

fiPi cos 01 


J3 

- j Pi e 

-er,-ap, 

I4C08 

0' = 

1 flPl-l cos 

01 dxi 



e-cn-ip, 

IjCOS 

0' = 

1’fip‘coaOi 

cos Y dxi 

h 

-■= j >-lpl 

-1 eosydri 


l6 = 

j'riV^e-*' 

dTi 

h 

= j ^IPl 

-1 e-er,-Jp. (i^i 


17= 

1 e~"‘' 


cosy 

= cos 01 

cos 0' 


+ sin Oj sm 0 ' cos (<fli — 


The K’s arc of the same form as the corresponding J’s, but have «,/ in place 
of e, d. The values of the constants a, b, c, d arc as follows — 

For excitation, a — Z + 0-5, b ^ Z', c = Z + 2, d = 7/ 

For capture, c = Z -\-2, d = 7 j, e — Z,f = Z' -f- 1 . 

As will be seen, these integrals are complicated functions of the nuclear 
separation r' To avoid an extremely lengthy numoncal mtegration over the 
r' co-ordinate the functions W were computed numerically and the values 
obtained fitted in the best possible way by functions of the form r* e"*'' *. The 
actual functions used were 

Wi (f) = Cl [16-2 j^ e-" + 15 6 f*e~® '| 

W,(r) = C,[2-035f«e-*'"^ + 6-25r*e-»«»'^] L (39) 
W, (f) = C 3 [24 1 /* -f 31 -Of e-* J 

The exact form of the W’s are compared with the forms (39) in fig. 2. It 
will be seen that the latter correct the assumed discontinuous behaviour of 
dZ/dr, dZ'fdr, Z, Z' to some extent. 
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Retammg now to (37), the O' and integrations may be performed usmg 
the integralf 

f 2r 

exp \%rk' sm 6' cos <f>' sin G} c d^' = 27n“J,, [k'r sm 0' sin 6), 
and the Oegcnbauer mtegra1| 

I' exp (ir {k cos 8' — k^ cos 0' cos 0)} 

X sin 0' sm 0)l’i"‘{cos 0') sm O'dO' 

= Ji+*(Kr)r'-«P,«(cos<J;). 

K* /-a + it,* - 2U„ cos 0 

and 

cos <{/ = (A — An cos 0)/K 

Usmg the forms (40), the mtegmtion over 
the r co-ordinate may be earned out by use 
of Weber’s integral§ 

=z K' (2X)-*-i exp (- KV4X) 

This completes the evaluation of the 
probabihty amphtude/„ (0, ^). To complete 

-Actual form of curve tjig calculation of the total cross-section, it 

~ ‘’’"“cT^or to “^tegrato over all values of 0 

and ^ This is most easily done by changmg 
to the momentum variable K. We can then express /„ (8, as a function of 
tj>, K, and k — k^, and the final integration may be earned out numcncally. 
The results of the calculation are illustrated m fig. 3. For comparison the cross- 
section for excitation calculated by use of Born’s approximation (9) is also 
given It wdl be seen that the latter formula predicts much too big a cross- 
section for the lower energy encounters. This is to be expected, as the 
velocity of impact is so slow that multiple transitions take place between the 
colhdmg atoms As a result a number of transitions which take place at 
the begmmng of tlie encounter are reversed before the atoms are separated. 

t WatBon, “ Theory of Bewel Funotioru,” (1922). p. 19. 
t IM., p. 379. 

! Ibtd., p. 393. 
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Bom’s approximation gives only the probability of the first of these 
transitions 

§ 4 Discussion of Results, 

An important feature of the results is Ihat the probabihty of an inelastic 
collision IS negligibly small unless the kinetic energy of the relative motion is 
greater than a certam value, which may be many tunes the least energy required 
for the process to be possible As this energy is not an ionization or excitation 



Fio. 3 —Calculated cross-soctions for excitation and capture by protons m hehum. A, 
excitation of 2 'P of He 1), capture-calculated by Bom’s approximation 

energy in the true sense, it is advisable to have a more satisfactory nomen¬ 
clature ; we propose the term activation energy or potential, as the case may 
be. It may be shown, by consideration of the form of the final mtegral 
expression for the excitation cross-section 

where/„ (0, is given by (38) and (39), that the. activation energyf is roughly 
proportional to 

M(AE)»ro* (40) 

t This IS the energy of relative motion and must not bo confused with the energy 
measured with respoot to a system in which one of the atoms is initially at rest. 
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where AE u the energy difference between the initial and final stationary states 
of the system and fo is a quantity approximately equal to the sum of the gas- 
kinctio radii of the ion and atom concerned. 

For wo may change the variable m the expression for Q„ to the momentum 
variable 

K = (i* + Jfc,* - cos 0)‘, 

giving 

0,= F,(K,Jfc,it:,)dK, 

where F„ (K, k, A„) is only appreciable for such values of K that 
Kro<l. 

where fg is as defined in equation (36) Q, is therefore negligible unless 

1 , 

Since 



On Bubstitutdon for k we obtain the result (40) 

The existence of an activation energy is in accord with the observations of 
excitation and ionization by heavy particle. Direct experiments on excita¬ 
tion of hehum by hydrogen carnal rays (a mixture of protons and neutral 
hydrogen atoms) have recently been earned out by Dopel f The excitation 
curve ho obtauns for the excitation of the 4 level of hehum is illustrated m 
fig 4 and compared with the correspondmg curve for electrons. Absolute 
values of the cross-sections have been obtamed from the known values for 
electronsIt will be noticed immediately that the form of the excitation 
curve is very similar to that ocdoolated for protons, but the activation energy 
IB somewhat higher than that calculated. In view of the rough nature of the 
wave functions used in the calculations, this is not surprising. 

Dopel states that protons are at most only one-tenth as effective as hydrogen 
atoms in exciting hehum atoms, but he obtains this result from measurements of 


t ‘ Ann Physik,’ vol. fi. p. 1 (1933). 

X ISuBty and Mohr, ‘ Froo. Roy. Soc.,’ A, vol. 140, p. 613 (1083). 
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the intensity of excitation of the 3 *P—2 *8 line. This line could not, in fact, 
be excited by protons at all, as a transition from the ground state of hehum 
to the 3 ®P state requires a reversal of electron spm , hence the presence of a 
third electron is necessary to change places with one of the hehum electrons 
Such an electron may be supphod by impact with an electron or hydrogen atom, 
but not with a proton It is therefore diifaciilt to say how much of the observed 

excitation of the 4 ^P level is due to protons and how itiiich to hydrogen atoms 
All one can say by reference to fig. 3 is that the observed cross-section is of the 
same order of magnitude os that calculated for protons 
The experunents show also that, for the lowi'r voltages of impact, a greater 
proportion of the collisions bidweon hydroiieii atoms and helium atoms result 



FiO 4 —Observed cross-aeotions for exoitation of the 4 level of hehnm by hydrogen 
canal rays (H -f H+) and by eleutrons. A, canal rays , B, elections. The scalr is 
such that the maximum value of the cross section for election excitation la 0 01 ito* 
in the excitation of hydrogen lines than of helium hues, a result which is 
reversed at the higher energies This is to be expected, smcc AE is only 10 
volts for hydrogen excitation, but 20 volts for hehnm excitation. The respec¬ 
tive activation energies are then in the ratio of 1 4 At higher energies the 
helium excitation is fully activated, but that of hydrogen has passed through 
its maximum. 

Dopel has also earned out experiments on the excitation of sodium, potassium, 
and mercury by the hydrogen canal rays, and obtains the stnkmg result that, 
although the heavy atoms are strongly excited by the impact of the canal rays 
there is no evidence of any excitation of the hydrogen atoms themselves. This 
is explicable m terms of (40), for the ratio of the activation potentials is equal 
to the square of the ratios of the excitation potentials. For potassium this 


TOL. ozui.—A. 
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ratio 18 as high as 70, and oven for raeioury it la as great as 4. The reason why 
thp activation energy for excitation of hydrogen atoms by colhsion with these 
heavy atoms is so much greater than that for excitation of helium by canal 
rajis IS that is much larger for the large heavy atoms (see (40)). 

Similar results have been obtained by investigation of the probabihties of 
lomzation by positive ions and neutral atoni8.t The existence of an activation 
potential is well established, and it appears that neutral atoms are more 
effective ionizers than the corresponding slow ions. This is probably due to 
the decrease of Vq for neutral atom collisions owing to the Bcreenmg effect of 
the external atomic electrons Such a decrease not only reduces the activation 
potential, but also increases the gradient of the initial wave function Xo 
respect to nuclear separation, thereby increasing the corresponding luatnx 
element 

We see then that the theory mtroduoed above is capable of providing a 
quahtative explanation of a number of the experimental results, but m order 
to obtain quantitative results it will be necessary to use wave functions which 
have been determined by a variation method This will be carried out m a 
later paper. 

The only evidence available as to the cross-section for capture comes from 
observations of the total absorbmg cross-sections of various gases for protons 
Ramsauer, Kollath, and Lihenthal| have carried out such measurements in 
argon, hydrogen, nitrogen, neon, and hehum, their results for protons with 
energies between 60 and 1000 volts are lUostrated in fig. 5 It will be seen 
that, although the observed cross-section is comparable with the gas kinetio 
in argon, hydrogen, and mtrogen, it is very much smaller than the gas kinetic 
for neon and helium Further, although the cross-section for helium decreases 
contmually as the protons energy increases, the cross-section for the other 
gases at first decreases and then, for protons with energies greater than about 
300 volts, begins to mcreaso agam Smee the velocities of the protons used in 
these experiments is such that the minima occur at nearly the same velocities 
as m the Ramsauer effect for electrons, it has been suggested that the explana¬ 
tion of the latter effect may also apply to the proton results This is, however, 
mconceivable, because the Ramsauer effect is determmed by the wave-length 
and not the velocity of the partaoles, and in any case cannot occur for a repulsive 
field of force. Also we have shown m § 2 that the angular distnbution of the 
elastically scattered protons falls off so rapidly with mcrease of angle that 

f Vide TIuMnson and Thonuon, '* Oondnotion of Eleotnoity m Gases," Pt U ohap. IV 

} * Ann Physik,’ vol. 8, p. 700 (lOSl). 
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experiments such as those of Ramsauer, Kollath, and Lihenthal could only 
measure a small percentage of the elastic cross-section except at very low 
energies The most probable explanation of the observed minima can be 
given m terras of the theory of this paper For low proton voltages excitation 
and capture processes arc of negligible importance, as in no case is an activation 
energy exceeded The observed cross-section must then be mainly that due to 
elastic scattering This cross-section as measured will decrease rapidly with 
mcrease of proton energy, because the elastic angular distribution morcasos m 
steepness as the energy increases, and fewer elastic collisions result in sufficient 



deviation to make possible their detcc,tiou in the experiments. As the voltage 
increases, capture and excitation processes set in with moreasmg probabihty. 
When the rate of mcrease of the inelastic cross-section equals the rate of decrease 
of the measured elastic cross-section, the minimum appears in the observed 
curves. Consideration of the energy loss AE mvolved m electron capture by 
the protons from the gas atoms indicates that the activation energies for this 
process m helium should be higher than in neon, and that for neon should be 
higher than for the remaining gases. The mimmum should therefore occur 
at a higher voltage for helium than for neon, and higher for neon than for the 
other three gases. This is m agreement with the observations Further, the 
high activation energies for hehnm and neon explain the low values observed 
for their cross-seotionB. 
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Evidence in favour of the correctness of this explanation is afforded by 
certain results obtained by Ramsauer, Kollath, and Lilienthal with the same 
apparatus. They find that for low proton energies (up to a few hundred volts) 
there is no evidence of the occurrence of any excitation or capture process, as 
no very slow ions or electrons were detected in the experimental chamber during 
the passage of the protons, for higher energies slow ions were observed, which 
were imdoubtedly formed by electron transfer to the proton beam Even at 
the highest energies mvestigated no slow electrons were observed, showmg that 
ionisation by the protons was still very small As the activation energy for 
excitation and lomzation is much larger than that for electron capture (A£ 
being much larger) this last result is also to be expected 

If one refers to fig 3, it appears that the calculated activation potential for 
neutralization of protons by helium atoms is too low to explain the observed 
results. A similar discrepancy was noted above for excitation, and is un¬ 
doubtedly due to the crudeness of the wave functions *^^1 X» 
calculations As the activation pot<*ntial is roughly proportional to Tq* a 
shghtly larger value of would remove the discrepancy 

Somewhat sinular experiments have been carried out by Dempster,! who 
found that protons with energies between 14 and 930 volts have very long firee 
paths m helium, just as observed by Ramsauer, Kollath, and Lilienthal The 
explanation is the same as that given above. The experiments detect few 
elastic collisions, owing to the small deviations mvolved , and in the voltage 
range used the lowest activation potential, that for capture, has been barely 
exceeded 


§ 6 Electron Tramfer %n the Case of Exact Resonance 

When we consider the collisions of ions with similar atoms (such as He'*' 
with He), it 18 necessary to modify the method of calculation If He'*' ions are 
scattered by helium gas, it is impossible to determine whether an observed ion 
has been directly scattered, or whether it is a knocked-on atom which has lost 
an electron This must be taken account of in the theory, just as in the theory 
of the scattering of a-particlcs by helium nuclei.! 

The wave equation for the complete system is as before 

[g^ V* - H. (r.) - H, (r.) - V (r, r., r») -h e] T = 0, (41) 

t ‘ PhlL Mag,’ VDl. 3, p. 115 (1927). 

I Mott. * Proo. Roy Boa,’ A. vol. 126, p. 250 (1930). 



Patsage of Positive Ions through Oases. 


16S 


and again we have the equation 

[ - H. (r.) - (r.) + E - V (r. r.. r,)] x = 0, (42) 

for the functions x- Owing, however, to the indistmguishability of the nuclei, 
we now have two sets of electronic states to d<«l with, one set symmetric in 
the nuclei, the other, antisymmetnc For the purpose in hand wc consider 
only those two states which result from the ground states of the ion and atom 
when the two are brought together adiabatically These differ in nuclear 
symmetry, we denote them by Xm Xa. the suffices indicating the t 3 rpe of 
nuclear symmetry. 

Wnting 

H'^XsT’sfrl+XAF^lr), (43) 

we obtam, by followmg the same procedure os m § 1, 

V*F,^ + (r) + f j x*aVxa dx, dr* j F, 

= — Fa jjX* aV*X8 dx^ dx^ — 2 grail Fg x*a praJ Xs dx, dx^ 

V«Fa + { fc* + rja (r) + j| x*sV*Xh dx, dr.) Fg 

= ~ Fa jj* X*8^*Xa dx, dx, - 2 grad F^. J j x*8 grad Xx dx, dx* 

The interaction terms on the right-hand sides of these equations are small, 
on account of the opposmg symmetry, and may be neglected , we are left with 
two uncoupled equations which represent elastic scattering by the fields 
of force resulting respectively from the two types of interaction We may 
therefore obtain solutions which have the asymptotic form 



Fg f r-ie«'/g(9, .^)} "i 

FA~p{e«‘ + r-ie«'A(0,0)} J 

for large r. 

Substituting in (46) we obtain for 'F the asymptotic form 


'F ~ («Xs + PXa) {axs/s (6. + PXa/a (8. m 

This form for Y is unsymmetrio in the nuclei, and we must form the symmetric 
and antisymmetric solutions Tg, Ta, from T by linear combination. We find 
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then 

^8 ^ 2ax8 COB ib 4- 2tPxA 8in b + «“*■ [axs {/a (6. 

+/a (7C - e. ^)} + Pxa {/x (0. -/a (rr - 6. <f>)}l («) 

and a similar expression for In what follows we assume that the nuclei 

obey the Bosc-Einstem statistics, so that is the function which must be 
used to descnbe the scattenng 

To complete the solution we must fix a and To do this we make use of 
the imtial condition that the incident ion is movmg in the direction of the 
positive * axis. For simphcity we consider only one electron whose co- 
ordmates we denote by p We also distmgmsh the co-ordinates of the nuclei 
by suflBixes 1 and 2 so 

|r,-r,|=r 
*1 — = z. 

Now we have for large r, 

Zs- 4'(l*’i-p|) + 'l'(l*'*-p|) 
za~ 'Kki-p|)-'l»(k,-p|), 
so, using (46), we see that the incident wave in T, is given by 
+ P) 'Kki - p|) + (« - p) t); (Ir, - p|)} 

+ {(« _ p) ^ (In - p|) -f (a -f p) 4; (|r, - p|)}. 

To satasfy the condition that the ion (» e, the nucleus without an electron) is 
moving m the positive z direction (wave function we must have a = — p. 
This gives for the mcident wave 

2« {«'*'*•-».' 4, (In - p|) + + (I ri - pI)} (48) 

Usmg (46) and (47) we now have for the asymptotic form of the scattered 
wave 

«r-i liKlr, - pI) {/g (0) -f/, (Tt - 0) -A (0) +/x (« - 0)} 

+ + (k, - p|) {/s (0) +/»(1C - 0) +/x (0) -/x k - 0)}]. (49) 
The scattered amphtude associated with an incident wave of unit amphtude 
moving m the direction of positive z is then 

/(e) = i {/»(0) +/»(1C - 0) +/x (0) -/x (1C - 0)} (60) 

The scattered intensity of ions per unit solid angle is then given m terms of 
relative co-ordinates by 1/(0) I*. 
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If we have a beam of ions pauaing through a gas we may change directly 
to a co-ordinate system (@, <I>), in which the gas atoms are initially at rest, by 
writing 6 = 20. This gives the intensity of scattering of the ions per unit 
angle in the form 

27rl (0) sin 0 = K I /a (20) +/, (ir - 20) + (20) -f„ (tc - 20 ) |* sin 20 

( 61 ) 

Now the functions /g (0), (6) are known to have negligible values, except 

when 0 IS small. Hence /(0) and /(it — 0) overlap very httle, and we may 
write 

27cI(0)8in0^=7t{|/B(20)-f/A(20)|* [ |/B(7r-20) -/^ (n - 20)|«} sm 20 

(62) 

The first term may be regarded as due to direct clastic scattering of the ions, 
the second to electron transfer The cross-section for the latter process will 
then be 

Qo‘-=i"£l/9(e)-A(0)l»"inede 

Following the method of Faxi'n and Holtsmark {loc eg ) we may write 

/s (0) = ^S. («•''* - 1) + 1) P. (cos 0) 

A (6) = ^S. («*'>• - 1) (2s + 1) P. (cos 0) 

where the phases y, are determincil from the solutions of the equation 
(44) The cross-section for transfer then becomes 

Qo* = J S. (2* + 1) Btn* (P. - Y.) f54) 

This result was also obtained by London,t who, however, did not consider the 
symmetry properties of the system It must be remembered that the cross- 
section Qu* 18 arbitrarily chosen on the assumption that all ions scattered at 
large angles are atoms which have lost an electron m the collision, an assumption 
which has no meaning experimentaUy Since we know, however, that, when 
resonance is not exact, there is no appreciable large angle scattermg of the 
incident ions, the transfer process may be separated out as above , thus the 
treatment represents the limiting case of approximate resonance. K accurate 

t ‘ Z. Phywk,’ vd. 74. p 143 (1032). 
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formulas for the angular distribution of the scattered ions at intermediate 
angles are required, this arbitrary separation of direct scattering and transfer 
IS no longer valid, and the more accurate formula (62) must be used. 

5 1. CailcukUton for Ileltum Iona in HeUum. -The evaluation of Qg* for this 
case may be earned out lu exactly the same way as the calculation of elastic 
cross-sections m § 2 The phases Ym l^sl^ those which occur m the 
clastic scattering by the two possible fields of interaction These mteraction 
energies have been worked out for a considerable range of nuclear separation 
by Pauling,t and his values were extrapolated when necessary The series 
for Qg* was summed m the same way as that for Qg m § 2. 

The value 6 7 TWg* was obtained in this way for Qg‘ for 1000-volt ions This 
may be compared with the value, 113 vm„\ of the absorbing cross-section for 
6(>0-volt Hc+ ions in helium measured by Dempster J As the absorption in 
these experiments must result mainly from large angle scattering (which we 
interpret as due to charge transfer), it will be seen that the agreement is quite 
satisfactory. Kallmann and B Rosen§ have found much bigger cross-sections 
(of the order fiOiwig*) for A'*' in argon, N*"' m mtrogen and in hydrogen, 
but they find much smaller values for He* m hebum m agreement with the 
above 

As the theoretical values for these cross-sections depend on the exchange 
energy, the agreement with expcnnient provides a further verification of the 
theory of mteraction of atoms, which has already been so successful in the inter¬ 
pretation of chemical phenomena. 


Summary. 

The colbsions with gas atoms of slow positive ions (velocity leas than the 
orbital velocity of atonuc electrons) are discussed in terms of a quantum 
mechanical theory of collisions. This theory treats the relative motion of the 
centres of mass of the ions and atoms as a perturbation, and is applied to both 
elastic and inelastic collisions. It is found possible to correlate most of the 
experimental results m terms of the theoretical formule, and good agreement 
is found between observed and calculated collision cross-sections 
The case of collisions of ions with similar atoms is also considered m detail, 
taking account of nuclear symmetry. 


t ‘ J. Chem. Fhyi.,’ voL 1. p 66 (1033). 
t ‘ PhU. Magvot. 3. p. 116 (1927). 

{ * Z Phyaik,’ vol. 61. p. 61 (1930). 
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Appendix 1. 

Catoulaiion of the phases h^for large n —^We have to evaluate 

when n is lar(;e. To do thisf we break up the range of integration and wnte 
rV (r) (fcr)}«dr = |jj + £} »-V (r) (*r)}*dr, 

where is the first aero of 

To evaluate the first of these integrals wc uso the formula^ 

(n sec P) ~ 008 [n (tan p — P) — Jit] [Jnit tan p] *, 
for large n, this shows that J,+j (Jtr) oscillates rapidly for r > fo with an 
amplitude which is given to a close approximation by 

(|it)-*(ifc»^-n«)-* 

Replacing the oscillatory function by its mean value we obtsm 

I* ♦•V [J,+» (if)]* dr - i j * rV (r»ifc* - «*)-» dr 

The integral on the right-hand side can be evaluated numerically without 
difficulty, making use of the result that the position of the zero is given 
accurately by§ 

ifcr„ = n f 1 86 n>/» 

The contribution from the range r < r, is quite small, and it is sufficient 
to estimate it from the known position fo of the zero and the position, r^, of 
the first maximum of (ifcr), which is given by|| 
kr„ = n+ 0-81 

Appendix 2 

(a) Evcdualton of the %ntegrcds I^, I„ I„ I* —^The integrals required may all 
bo obtamed from the mtegral 

I 4 — sec 6 |co 8 Oi fi p{~^ o-ar.-ip. 

by differentiation with respect to a and b. 

t We arc indebted to Dr. C B. 0 Mohr for suggesting this procedure 
J Watson, “ Theory of BssmI Functions ” (1023), p. 234. 
iibML,p.516. 

II Ihtd., p. S21. 
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To evaluate I4 we expand p~^ e"*' in a senes of sphencal harmoniost — 
Pi 1 (rr,)-» (2 m +1) y„ (n r,) P„ (cosy). 

where 

t os Y — 008 6 cos 0i 4- 6 sin 61 cos ^ 

7« = K,,|(6f,)I,+t(&r) ri>f 

-I.Hi(6r,)K,+*(6r) r, < r. 

Now 

P, (cos y) — P« (cos 6) P, (cos 64) 

+ 22 (-1)-P," (cos 0) P," (cos Gi) cos wf 

m-i (n m) 1 

On integrating with respect to ^ all the terms vanish for which »i ^ 0, 
while the only harmonic which gives a contnbution on intogratmg with respect 
to 01 18 that of order 1 The integral therefore reduces to 

+k' (‘ - s)++s)ir'■•*■} • 

The mtegratson with respect to fi is straightforward, and leads to 
I4/2J: = f-* (a* - 6*)-3 (e-*’’ I60 (1+ 6r) - c"" {16a (1 + ar) 

+ 8ar* («* - 6») + 2f» (a*- 

From this integral we deduce 

I,/271 = - ^ = r-* (a*- 6*)-‘ [16 e' *' (ohr* (a* - 6») - 6a6 (1 + hr)) 

f ie-" {24o6 (1 + or) + Sabr* (o* - 6») + hr^ (o* - &»)*}], 

1^271 = - i = r -* (a* - h*)-» [16 €-*•■ {(h» + 60*6) (o» - 6*) r* 

- 6 (6» + 7aS») (1 + hr)} + 4 s-" {24 (h» + 7o*h) (1 f or) 

+ 8 (8o»h + h») (o* - h*) r* + 12ahr» (o« _ h*)* + hr« (a* - h»)>}), 

I,/27t = - 1 ^ = r-« (a« - h»)-‘ [16 {ahr* (o* - h«)* 

- (a» f Iloh*) (o* - h*)H + 6 (o» + 7 oh*) (+ 1 hr)} 

- 4 e-»' [24 (o» + 7oh*) (1 + or) 

-f- 8 (a« + lloh«) (o* - h*) r* + (o* + 3h«) (o* - h*)*f«}]. 

t Watson, “ Theory of Bemel Funotions," p. 3<J6 (1922) 
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(6) Evahtaiion of the integrals J and I, —^These mtegralfl are evaluated by 
exactly the name method. When we perform the integration this time, 
however, only the *ero order harmomc will contribute Thus we have 

J4 = |pi“* 6“"*"***^ <Iti 

= 47rr-‘ [£(dr,) K, (dr) r,* dr, + j (dr) Kj (dr,) r,» dr,| 

which, on insertmg the expressions for the Bessel functions becomes 
(iiz/dr) j^sinh dr | r, dr, -f | r, sinh dr, dr, J . 

Performing the r-mtegration we obtain 

J 4/471 = r-J (c* - d»)-* \2c e-^' - e"" {2c + r (c* - d*)}] 

From this integral we deduce that 

J,/87r = - 1 ^ = ( 0 * - d*) 3 r-> [re-or {r (c* - d*) - 4 d) 

+ de-" {r (c* - d») + 4c}], 

Mc*-d*)-n« <"{-r(c»-d«)*+4(d+c*r)(o*-d«) 
-24c* d) f e-"{i«d + 4d(2cr-l)(c*-d») + 24c*<Q], 
J,/8Tr = - ± = r-* (c* - <Pr* {r^ (c* - d»)* 

- 4c (2dr - 1) (r* - d*) + 24cd*} - c " {(c* - d*)V 

+ 4 (c + d*r) (c> - d*) + 24cd*}]. 

It can be shown by integrating with respect to 0, and ^ that J, = |J, 
W I»). for which wo obtain the expression 

J,/47t = - i ^ = r-Mc* - d»)-® [2c-- (3c* + d«) + e"" {- r> (c* - d*)* 
+ 2(l-2cr)<c*-d*)-8c*}]. 

Finally, we have 

I,/4„ = ^ (o* - ^)~* 

+ 6ar* (a* - 6*)» + 6r (3o* + 6») («» - 6*) + 24o (o* + 6*)}]. 
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(c) EvaluaHon ofl^ = sec 6 g-ari-tr, oos y coa dty —In order to 

apply the former method to this integral we use the recurrence formula 
(2n +1) cos Y P, (cos y) = (n + 1) P,+i (cos y) + »P.-i (cos y). 

Hence 

I, cos 0 = js {(n -f-1) P,^.j (cos y) + nP„-i (cos y)} F, (fj) cos 0i dxi, 
where 

F, (fi) = (rir)-‘ (br,) K,,* (br) r, < r. 

Now 

j j P* (cos y) cos 01 sin 01 <i 0 i dpi = j cos 0 , n = 1 


The first term of the integral gives JI, On substitutmg for the Bessel functions 
the second term may be evaluated to give 


+ 48oH (6* - 3o*) (o» - 6*) - 288o (1 + or)} 

+ e-^ {288o (I + 6r) + 96a6V (a* - 6»)}] + JI, 

(d) Proof that I, = |riPi*^ e-ar,-*i>, am y ^ dvi = 0 —^The angular Integra 


F„ (fi) P, (cos y) [sin 0 cos 01 — c<» 0 sin 01 cos sin 0i d0i d<f>i 

= Fj j cos Y [sin 0 cos 0i — cos 0 sm 01 cos sin 0 d0 d^ 
— 27tFi |*sin 0 cos 0 [2 cos* 0i — 1] i0i 
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The Estimation of Electne Moment in Solution by the Temferature 
Coefficient Method. Part I ,—Experimental Method and the 
Electric Moments of some Benzyl Compounds 

By Fbkd Faibbbotubb, D Sc , The Chemical Department, The University, 
Manchester 

(Communicated by A. Lapworth, P R S —Received Apnl 29, 1933 ) 

1 Inlrodfiction. 

The theory of the estimation of the electric moment of molecules dissolved 
m a non-polar solvent is now well known * The fundamental equationf 
is 



m whicli the symbols have the followmg significance' Pgo, the total polar- 
izabihty of the solute per gram molecule at infinite dilution, N Avogadio’s 
number, the moment mduced m a single molecule by umt electnc field, 
k the Boltzmann gas constant, T the absolute temperature, and the permanent 
electnc moment of the molecule This equation is of the form 

Ps, = A 1-B/T, (2) 

where 

A=jNa„ and Y, 

from which it follows that if A and B are constant,» c., independent of tempera¬ 
ture, then each may be evaluated from a senes of measurements of at 
different temperatures or alternatively B (and hence (x) may be obtamed from 
one value of at one temperature, provided that A can be obtamed by some 
independent method 

Of such measuiements, by far the majonty have been made at one temperature 
only, A bemg estimated either from the polarization of the substance m the 
solid state, or more usually from measurements of the refractive mdiccs of the 
solutions. The latter method may, however, lead to inaccuracy in the value 

• OJ, Debye, “ Polar Mbleonks,” New York (1929) j Smyth, ** Dieleotrio Conatant and 
Molecular Structure,’’ New York (1931). 

t Debye, ‘ Phy» Z.,’ vol. 13, p. 97 (1912), '' Handb. Radidogw ” (Marx), Leipzig, 
Tol. 6, p. 397 (1923). 
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of (X on account of the uncertainty regarding the magnitude of the atomic 
polarization 

On the other hand, the evaluation of A and B in equation (2) by measure¬ 
ments made at several temperatures, is theoretically more free from objection, 
but introduces certain practical difficulties Tn particular, the usual available 
accuracy of measurement of dielectric constant requires for anything more 
than an approximate estimation of the electric moment by this method, a 
temperature range greater than is possible m the solvent most widely used, 
namely, benzene, smee m order to ehmmate the eflect of molecular association 
it 18 necessary to work m dilute solution in which the temperature coefficient 
of the polarization is correspondmgly small Several investigators have 
measured the polarization of substances dissolved in benzene at various tempera¬ 
tures, but the limited range of temperature withm which benzene is hquid 
renders the exact location of the P,. — 1/T curves very difficult * Measure¬ 
ments in solution over wider ranges of temperature have been carried out 
chiefly by Smyth and his collaborators,f who have measured the polarization 
of a number of substances dissolved in normal hexane and normal heptane over 
temperature ranges from — 90° or — 100° to 60° or 70° (the actual range 
differed m the various cases) Morgan and Lowry| have also measured the 
polarization of the methyl hahdes in hexane and carbon tetrachlonde between 
— 100° and -f- 40°, and Bretscheif has measured the polarization of several 
benzene derivatives m solution m dekalm, tctrachlorocthylene and p-cymene 
from 26° to 90° The only measurements of polarization in solution that appear 
to have been made at temperatures higher than 90° are those of the polariza¬ 
tion of diethyl succinate m kerosene from 0° to 200° earned out by Smyth, 
Domte, and Wilson || 

In the present work an attempt has been made to estimate the electric moment 
of several compounds from measurements m solution over temperature ranges 
of 100° and 140° and from measurements of the refractive index, and polar- 
izabihty of the substance in the sohd state, to obtam some information as to 
the approximate magnitude of the atomic polarization and of the change of 
moment with temperature m certain cases. 

* Cf, Wolf and Fuchs m Fieudenbeig “ Stereoohemle,” p 209, and Smyth, ‘ J Amer 
Catem Soo ,’ vol 53, p 645 (1931). 

t * J. Amer Chem. Soo.,’ voL 50, p 1547 (1928); vol 51, p 3312 (1929); vol. 62, p. 2227 
(1930) { vol 63, pp 645, 4242 (1981) 

t' J. Fhys. Ohem.,’ vol. 34, p 2385 (1930) 

I ‘ Phys. Z,’ vol 32, p 767 (1031) 

II ‘ J Amer. Chem. Soo ,’ vol. 53, p. 4242 (1981) 
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la the first place a search was made for a non-polar solvent with a high 
boiling point and low meltmg pomt, which would therefore have a long range 
of temperature over which measurements could be made Hexane, heptane, or 
carbon tetrachloride could have been used if low temperatures were to be 
included, but from the outset it was decided to make the measurements at 
higher temperatures which, if the volatihty of the solute is sufficiently low, 
have a number of advantages over low tem])eralurcs for this purpose (1) a 
greater solubihty of the polar compound in the non polar solvent, (2) greater 
ease of experimental workmg, particularly as regards ease of maintenance of 
constant temperatures and avoidance of condensation of atmospheric moisture , 
and (3) decreased molecular association The decrease m molecular associa¬ 
tion at higher temperatures is of considerable importance smee it permits 
of the use of more concentrated solutions, for, as the results m the later part 
of the paper show, the effect of molecular association on the polarization 
and hence change of the polarizafaon with concentration, are much less at 
higher temperatures. As a consequence, the extrapolation to mfimte dilution 
can be earned out with a correspondingly greater accuracy. 

Two solvents have so far been used: decahydronaphthalene, m which 
measurements were made from 20° to 160°, and p-xylene, in which measure¬ 
ments were made from 20° to 120° Measurements at temperatures nearer to 
the boilmg pomts of the solvents were avoided on account of the possible loss 
of the solvent by evaporation. 

Compounds which are too volatile for the polarization to be measured in 
solution except at low temperatures are probably best examined in the vapour 
state 


2 Expcnmenlal 

Since many methods for the measurement of the dielectric constant of a 
liiiuid have already been published, an additional description of experimental 
method may appear unnectasary On the other hand, the development of 
methods usmg thermiomc valves and high frequencies has made comparatively 
easy of attainment results which are reproducible to a high degree of precision, 
and it IS only from a consideration of the details of a method that it is possible 
to judge whether or not large systematic errors may be present 
Dtdecirto Constant.—This was measured at approximately 1000 kc. (300 
metres) by a resonance method using a piezo-eleotnoally controlled oscillator 
The electrical circuits and arrangement of the standard condenser were 



170 


F. Fairbrother. 


eaaeatially aa deacnbed elsewhere.* The measuring ououit u shown m fig. 1, 
the original arrangement being modified to mclude provision for applymg a 
small direct e.m.f. to the carborundum-steel rectifier, to permit of the rectifica¬ 
tion and measurement of smaller resonance voltages. 
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The test condenser Cx used for the solutions, which is shown m section m 
fig. 2, was made from three seamless platmum cylinders, 0-1 mm. thick, 9 cm. 
in length and of outside diameters respectively 18 mm , 19 nun , and 20 mm , 
the first and third being connected together electrically and to earth The 
cyhnders were held relative to one another by four small glass beads at each 
end, fused to the platinum, very httle glass bemg actually between the plates 
of the condenser On measurement, the electrical capacity m air was 
found to be about 215 of which more than9 9% was located m the 
dielectric between the plates. The rigidity of the arrangement was shown 
by the constancy of the capacity in dry air, this being measured before 
every measurement of a solution. The platmum leads were 0*4 mm. 
diameter, 10 cm. long and fixed 1*3 cm apart m parallel glass tubes, the 
upper portions of which formed mercury contact cups. The condenser is 
somewhat similar in design to the one desenbed by Smythf but differs from 
« FUrbrotber, ‘ J. Ckem. Soo.,’ p. 43 (IMS). 

t *' Dieleotrio Constant and Moleoulu Struotore," New York, p 60 (1981). 
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it as regaids the glass spacers, the mner “ dead space ” and the smaller 
distance between the leads As will be shown, wide spacing of the leads is 
inadvisable when the condenser is to be used in a resonance circiut at high 
frequencies 

The condenser, which required only 21 cc. of liquid, was immersed m 
a large bath of a second quality medicinal 
paraffin, heated electrically, so that the top of 
the plates was about G cm below the surface 
The temperature was controlled by means of 
a mercury contact thermometer with fixed 
points at about 20° intervals between 20° and 
160°. At each temperature halt the bath was 
maintained constant to db 0*1° for at least 
half an hour before a reading, trial estimations 
having shown that this time was sufficient to 
attain a constant value of the dielectric con¬ 
stant Since some of the points on the contact 
thermometer were* not quite evenly spaced and 
since, moreover, the equihbnum temperatures 
vaned over a few tenths of a degree on 
different ocxiasions, the dielectric constant 
measurements are given m the followmg tables 
at equal intervals of 20° or 40" The inter¬ 
polation was earned out anthmetioally by 
usmg the mean temperature coefficient of e at 
each experimental pomt, obtained graphically. 

In many cases no correction was necessary, 
in the remainder, the smallness of the tempera¬ 
ture coefficient and of the temperature range 
over which the correction was made, give the 
values of c the significance m all cases of actual 
expenmental values 

Gahbration of the apparatus ■ the measuring 
mremt, fig. 1, can be arranged diagram- 
matically as m fig. 3, the complete circuit consisting of three parts, oom- 
priamg respectively Cx, Cg, and each with their respective leads, the 
common pomts to these being A and B. The inductance of the leads to 
may be mcluded m the value of Ln itself and m the present work the capacity 
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of these leads was neghgible, this being the only portion of the whole circuit 
in which the leads were well spaced. Let lx &nd Ig be respectively the self- 
inductance of the leads between AB and the plates of the two condensers. The 
cahbration consists m the first place of the evaluation of the effect of the 
inductance of the leads on the apparent capacity of C’x and Cg, and of the fixed, 
lead, and stray capacities associated with Ox The circuit, including Cx, is 
brought into n'sonance by adjustment of Og to a value, say, C'g C'x is then 



Fio. 3 


removed and Cg adjusted to a value C"g to give resonance agam Cx. however, 
may be taken as equal to C"g — C'g only at low frequencies at which the 
effect of the inductance of the leads u n^ligible. It may easily be shown that 
a condenser of capacity C at the end of leads of inductance I is equivalent to 
a condenser without leads of capacity C/(l — laK) where w = 2nf, f being 
the frequency of the measunng current. At high frequencies the term l<aK 
may become quite large. For eimmple, Lattey and Gatty* calculate that a 
condenser of 1000 cm. capacity at the end of leads 1 mm. diameter, 3 cm apart 
and 10 cm long, has an effective capacity of 1016 cm. when measured at a 
frequency correspondmg to a wave-length in air of 200 metres Hence, if the 
condenser Cg is a semi-circular plate condenser with a linear relation between 
the capacity and the angular duiplacement of the plates when measured at low 
frequencies, unless the pomts AB are situated at the plates of the condenser 
(and therefore 2g zero), the scale will no longer be a Imear one when measured 
at high frequencies Smee the dielectric constant is measured as a ratio, 
the value of Cg in absolute umts is not required, but only its capacity relative 
to some scale on the instrument. The piost convenient procedure therefore 
IS to cahbrate Cg and Ig together by a step-by-step method. In the present 
work this was done with the aid of another variable air condenser in parallel 


‘ Hul. Mag.,’ [7J Tol 7, p. 986 (1929). 
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with Cg and a small air condenser of fixed capacity eqmvalcnt with its leads 
to about 10° on the scale of Cg, which could be switched m and out of circuit 
in the position of Cx A Lnear scale m arbitiary units was then calculated and 
a curve drawn so that angular readings of ('^ could be interpreted m terms of 
capacity on this scale, much as a slightly conical graduated tube is cahbrated 
in umts of volume The leads were of fairly thick copper wire enclosed m a 
double cover of insulatmg sleeving and twisted together, this procedure 
resulted in an increase of lead capacity but a decrease of inductance and is 
considered preferable to an increase of the latter by tlic use of thm wire and 
spaced leads To prevent any change in the characteristics of the leads, they 
were firmly attached by sealing wax to insulated supports. The inductance 
consists of two parts, the mductance of the leads from AB up to and including 
the links of the mercury cup switidi and Zp the inductance of the two platinum 
wires between the mercury cups on the condenser and the plates of the con¬ 
denser Z^ could be evaluated by measurements at different frequencies as 
earned out by Lattey and Gatty (Zoc rU ) and by Watson,* but in the present 
case this was inapplicable as the frequency was fixed The following procedure 
was therefore adopted, which is smiiiar to a second method used by Watson. 
Two small fixed capacity mica condensers (Dubilier type 620) of nominal 
capacities 0 0003 {ji(xF and 0 0005 pixF respectively, were taken and small 
mercury cups, 2 mm. diameter, made in the tops of the ebomte casings. The 
mercury cups were about 1 * 3 cm apart, the same as the distance of the mercury 
cups of the test condenser, and were connected to the terminals on the fixed 
condenser. Two vertical nickel wires, 1 ram. diameter, 1 cm. long and 1 3 cm. 
apart were soldered to the leads at AB The two mica condensers could then 
be arranged successively at AB, in place of the test condenser, and removed 
altogether, from the corresponding resonance settings of Cg the change in 
apparent capacity of each mica condenser on being removed from AB to 0^ 
could then be calculated, and hence the mductance Zj^ of the fixed leads. 
Measurements with each condenser gave results which were in good agree¬ 
ment Since the links of the mercury cup switch m the second case were in 
the position they were later to occupy relatave to the test condenser, their 
Inductance was included in the calculation The mductance of the platinum 
leads of the test condenser was then calculated from their dimensions and 
distance apart.f 


• ‘ Pioo. Roy. Soo A. wl 117, p. 4S (19*7). 
t * Clio. Bur. Stand., No. 74,' p. 245 (1924). 
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From the known value of lx in umt« corresponding to the arbitrarj units in 
which Cg was measured, the true value of Cx could then be calculated by 
means of the equation 




-lx <0* Cx„ 


Since the solution of this equation for every measurement would be labonous, 
values of 

C _ p 
1 - lx‘o*C 

were calculated for a large number of values of (’ and plotted on a large scale 
against C/(l — From these curves the value of the difierence lietween 

the observed and the true capacity could be readily obtained and the correction 
made The neglect of the effect of the mductance of the leads in a resonance 
or heterodyne method at lugh firequencies, where a substitution of capacities 
is made, may easily lead to errors of several cubic centimetres in the estimated 
polarization of the solub* In the present work, an error m c of 0*001 causes 
an error of about 0 1% in The corresponding uncertainty m P, 

18 dependent upon the concentration of the solution, m the very dilute 
solutions in which Pg is calculated from a small difierence between the two 
relatively large magmtudes P]/, and the uncertainty may nse to as much 
as ± 2 O.C. 

The true capacity of (’x obtained as above, consists partly of the capacity 
of the leads and stray capacities to earth, and partly of the fixed capacity 
located in the solid dielectric (glass) through which a small fraction of the 
total lines of force pass, and partly of the capacity between the plates, located 
m air or the hquid under consideration as the case may be It is only this last 
“ replaceable capacity ” which is changed when the air in the condenser is 
replaced by a liqmd The correction for the " non-replaceable ” capacity 
has been discussed m several papers* and consists bnefly m evaluatmg the 
replaceable capacity Cgby means of measurements of the capacity of the 
condenser filled with air (C and with a hquid, for example benzene, whose 
dielectric constant is accurately known (C ) Then if c is the dielectric 
constant of the liqiud used for cahbration 

* (C — -r) = C —X, jc = C — Cg, 

and 



• Qhver and Hartshorn, ‘ Proo. Roy. Soo.,* A, vol. 128, p 064 (1929). 
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In the present case, Kahlbaum's benzene “ for analysis and molecular weight 
determmation,” after a prelumnaiy drying and distillation, was dried for 
several da}^ over punhed phosphoric oxide and distilled directly into the test 
condenser from an all-glass apparatus. The dielectric constant of this benzene 
was taken as 2 ■ 283 at 20°. The calculated dielectric constants of the solutions 
and liquids w'ere linally corrected to vac = 1 , this correction is small but 
affects the last decimal place m many ca-ses by one umt. 

The capacity of the test condenser when hlled with air increased by about 
0-2% over the range from 20° to 160° which is about that which would be 
expected from the dimensions of the plates and the thermal expansion of the 
platinum and of the glass spacers The actual capacity was separately 
estimated at each temperature lialt and the capacity at 20° redetermined 
before the uitroduction of a fresh liquid The solutions, which were prepared 
in stoppered flasks of about 100 c e capacity, were introduced mto the test 
condenser through A, gentle suction (via a drymg tube) bcmg applied at B, 
taking care to avoid the mclusion of air bubbles The tube A was then replaced 
by the small ground cap. After use the condenser was emptied and washed 
at least seven times with pure benzene and a current of dry nitrogen passed 
through for several hours, during which the ixindenser was warmed to about 
110° m an electncally heated pyrex tube 

An attempt was also made to gam an approximate idea of the magnitude 
-f Pj by the measurement of the polarization of the substances in the 
solid state at 20°, which is sufficiently below the melting point in each case. 
For this purpose the substances were introduced into the test condenser in a 
molten state and allowed to solidify slowly As it was felt that the con¬ 
siderable contraction on sohdifioation might have distorted the plates of the 
condenser, which was not designed for such experiments (although subsequent 
estimation of the capacity when filled with air showed that no detectable 
permanent change of capacity had occurred), another condenser was made for 
the purpose This, which is shown in fig 4, consisted of three brass plates, 
respectively 6 mm, 1 mm , and 6 mm thick, held together by brass screws at 
the comers The thinnest plate (of which the length and width were each 1 cm. 
loss than those of the thicker ones, for screemng purposes), was separated 
from the outer ones by four small blocks of glass on each side, the whole being 
held together by the clamping action of the screws This condenser, which 
had a capacity when filled with air of about 92 pixF, fitted closely mto a 
rectangular glass trough and only required 10 c c. of substance. The brass 
plates were chromium plated and the leads arranged to have approximately 
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the same length and configuration as the leads on the other condenser, thus 
avoiding a re-cahbration for the effect of inductance The calibration for 
replaceable capacity was earned out in the usual manner The substance was 
introducefl mto the condenser by pouring it in whilst molten, to a height of a 
few miUimetres above the tops of the plates, trapped air bubbles bemg removed 
by movuig the plates up and down Solidification from the bottom upwards 



was secured by standing the condenser in a shallow layer of cold water The 
polanzstum results with both condensers agreed to ± 1 5 c c , the mean 
values are therefore given The values of the diclcctnc constants of the solids 
are probably not better than the second significant figure This difficulty of 
measurement of the dielectric constant of a solid which has been introduced 
into the condenser m the liquid state, has been commented upon by several 
authors * The source of the difficulty appears to lie m the considerable con¬ 
traction of the substance which occurs on change of state from hquid to sohd. 

* CJ. Morgan and Lowry, ‘ J. Phys. Chem.,’ vol. 34, p. 238S (1930), Kamerling and 
Smytli, * J. Amor. Chem Soe,’ vo]. 35, p. 462 (1033). 
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This contraction results m the formation of cracks in the sohd and gas pockets 
either in the sohd or between the sohd and the plates of the condenser In 
addition, with the above method of filling the condenser, it is very unhkcly 
that we are deahng with a completely random onentation of the small crystals 
of which the solid mass is composed Conseijuently, the crjrstals all being 
doubly refractmg, the dielectric constant of the solid will depend upon the 
manner of crystalline growth. 

Refraiixve Indices —^These were measured with a Pulfnch refractometer at 
20-0° for the wave-lengths 6708 A (Li), 5893 A (Na), 6461 A. (Hg), 4368 A 
(Hg) The optical polarizations were calculated by means of the modified 
Lorentz-Lorenz formula for dilute solutions and the molar polarizations of 
the solutes calculated in a manner sinular to tliat used for the dielectric 
polanzations. The extrapolations of refractive index to zero frequency were 
earned out graphically with the aid of the simplified Cauchy extrapolation 
formula nx = «« 4-ffl/X* In the case of the pure liquids the refractive 
indices are given in full m the following tables, but for the solutions, for the 
sake of brevity, only the molar refractmties of the solutes at X s= 6893 A. (Na) 
and X = 00 are given. 


3 (o) Punjuiatton of Matennls * 

Decahydronaphthalene —^This liquid was selected as a solvent on account 
of its high boiling pomt (186°-193”) and also because it is obtainable cheaply 
as a commercial solvent. It has the disadvantage, however, of bemg a mixture 
of two isomers W Hfickelf showed that the isomers are cis and trans forms, 
theisomensm beingofthe type reqmred by the theory of strainlcss rmg systems. 
Traces of unsaturated compounds were removed from the commercial “ Deka- 
lin ” by repeated treatment with 100% sulphunc acid. The hqmd was dned 
by refluxmg over sodium for at least 8 hours followed by standing m contact 
with punfied phosphonc oxide before the final distillation By repeated 
fractionation of the punfied dekalin two samples were obtamed, boiling at 
187-6‘’-189'8'’ (767 8 mm) and at 196 7° 196 6“ (767-3 mm.), and which 
consisted mamly of the trans and cis isomers respectively (Hfickel gives boiling 
pomt, trans 185°, cis 193°). The separation was not complete, particularly 
the trans fraction, which, however, contamed probably not warn than 6% 

* PunfioatKsi of matenaJs, preparation and densities of solutions with Mr. J. Bigg, 

M8c. 

t * Ann. Chem.,’ vol. 441, p. 1 (1026). 
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of tbe other isomer Both fractions sohdified to ciystalline masses when cooled 
m carbon dioxide and acetone, whereas the unfractionated mixture had to be 
cooled m hqiiid air m order to sohdify and then gave a transparent glass. The 
polarizations of these two fractions, termed “ Trans ” and “ Cis ” respectively 
m the following tables, when measured over the whole temperature range as 
described, showed that both isomers were non-polar The remaining fractions 
were then mixed together and distilled and used as a “ solvent mixture ” 
The polarization of this nuxturc, which was sufficient in 
amount for all the measurements recorded, was also 
measured and its non-polar nature confirmed The polari¬ 
zations of this mixture are used us in calculatmg P| 
for the solutions of benzyl alcohol and benzyl chloride 
p-xylene —^This solvent was used on account of its good 
solvent properties, the nitrobenzylehlondes, for example, 
dissolvmg readily in it, whereas the solubility of these 
compounds in decahydronaphthalene was found to bo ui- 
sufficient for the present purpose A very good product 
“ p-xylol-rein ” was dried over purified phosphoric oxide 
for 5 weeks and fractionated The final product had 
boiling point 138‘2‘’-138 5" (764 5 mm.) and freezmg 
point ri-O" (“ International Critical Tables,” boiling pomt 
137 7®, molting point 13 2°) 

Benzyl Alcohol — k good commercial product was dnwl 
over anhydrous sodium sulphate and fractionated twice 
The final product distilled between 205 8° and 206*1" 
(760 mm.) (“ International Critical Tables,” boiling point 
206*8") 

Bovtyl Chlonde —A good commercial “ redistilled benzyl 
chloride ” was dned over phosphonc oxide and fractionated 
three tunes. The fraction used distilled between 178*6° 
and 170*0" at 766 mni (” International Critical Tables,” 
boihng point 179*4°) 

0 -, m- otid p-nttrobenzylcMondea —Commercial products were used after 
punfication by recrystallization, p- from 96% ethyl alcohol, and o- and m- 
from a mixture of “ 80"-100° ” light petroleum and benzene The crystals 
were well dried in mcuo before use. Meltmg points, ortho 48*4°, meta 45 0°, 
para 72*2° (“International Critical Tables,” melting points, ortho 49°, meta 
44*6°, para 71°). 
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Dmstttes —^These wore measured by means of a dilatometer of the form 
shown m fig. 5, immersed m medicmal jiaraffin m a bath with a glass wmdow 
Several observations were made as the liquid rose through each capillary 
portion of the right-hand limb, and the corresponding densities plotted against 
the temperature on a large scale. The densities at the required temperatures 
were then interpolated by means of these curves which were generally almost 
linear 


(b) Ihdecftnc Constanhs, DemUie^i and Refractive Induxe 


c, dielectric constant, d, density P,* polarization of solution . 
P,, polanzation of solute mol fraction of solute 
“ Trans ” Deoahvdronaphthalene 




20 I 2 16S 
40 I 2 139 
60 I 2 113 
80 2 0H7 


0 8723 
0 8672 
0 8420 
0 8271 


d. P. 


2 061 
2 034 
2 007 
1 980 


0 8125 
0 7M8 
0 7808 
0 7648 



“ Cis ” Decahydronaphthalene 


<1 P 



20 

40 

60 

80 


2 182 
2 167 
2 131 
2 106 


0 8941 
0 8703 
0 8644 
0 8494 


43 74 
43 77 
43 82 


! 


100 

120 

' 140 I 

I 160 


d 


0 8343 
0 8189 < 
0 8028 I 
0 7870 


43 87 
43 92 
43 96 
4J 99 


Decaliydronaphtlialene ‘ Solvent Mixture ” 




2166 
2 140 
2 114 
2 088. 


0 8830 
0 8681 
0 8633 
0 8382 


43 77 
43 83 
43 85 
43 80 


2 063 
2 037 

2 on 

1 986 


d 


0 8230 
0 8073 
0 7916 
0 7769 
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Benzyl Alcohol m Decahydronaphthalenc—(continued) 



(103 0) 
(M 0) 
83 4 
79 4 
77 6 


Benzyl Chloride m Decahydronuphthaleuc 


/, = 0'0U8853 I /g - 0 01794 


1 

20 

00 

100 

140 

160 

2 189 

2 134 

2 060 

2 020 

2 001 

<1 

fir 

P, 


fw 1 fs 

44 88 100 7 

44 82 97 7 

44 80 92 6 

44 80 88-7 

44 83 87 0 

0 8842 

0 8040 

0 8242 

0 7929 

0 7772 

44 32 

44 33 

44 30 

44 38 

44 40 

106 3 

07 5 

90 9 

80 9 

80 1 

2 214 

2 100 

2 099 

2 042 

2 016 

0 8800 

0 8008 

0 8257 

0 7039 

0 7780 



/, =- 0-02833. 



/a = 0-04fi95. 

(. 


d 

I’l.. 

P* 

!_ 

* 

d. 

Pi. i P.- 

20 

00 

100 

140 

100 

2 243 

2 170 

2 118 

2 060 

2 030 

0 8871 

0 8072 

0 8200 

0 7000 

0 7702 

c c 

40 02 

46 37 

46 28 

46 28 

40 22 

100 0 

97 0 

91 0 

89 1 

80 2 

2 294 

2 224 

2 166 

2 001 

2 000 

0 8900 

0 8000 
0-8293 

0 7070 

0 7810 

« 07 103 *1 

40 38 07 A 

40 16 01 2 

40 02 80 8 

40 08 80 0 
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m-zutrobenzyl chlonde m ^>-xylene. 




/, = 0 006003 

! 


= 0 007682. 


20 

40 

80 

80 

100 

120 



Pi» 

Pf 


d. 

Pit- 

P, 

2 343 

2 302 

2 262 

2-184 

2 146 

0 8837 

0 8469 

0 8281 

0 8102 

0 7024 

0 774> 

cc 

38 11 

38 08 

38 06 

38 06 

38 01 

37 06 

cc 

338 0 
321 4 
aoa 4 
206 6 
286 8 
275 0 

2 382 

2 338 

2 206 

2 264 

2 213 

2 171 

0 8651 

0 8474 

0 8206 

0 8118 

0 7030 

0 7760 

38-87 

38 81 
38-77 
38-71 

38 66 

38 67 

cc 

331' 0 

316 3 
306 0 
203 0 
284 2 
271 3 



/s==0 01041. 



/a = 0 02012 


t 



Pit 

Pi 

*• 


Pii 

Pf 

0 



«, 

cc 



cc 

CC 

20 

2 425 

0 8664 

39 60 

333 0 

2 676 

U 8713 

42 46 

327 2 

40 

2 378 

0 8487 

30 61 

310 0 ' 

2 613 

0-8637 

42-10 

311 6 

60 

2 332 

0 8310 

30 61 

306 2 

2-466 

0-8361 

41 08 

208-8 

80 

2 287 

0 8132 

30 42 

204 1 1 

2 401 

0 8181 

41-80 

288-1 

100 

2 243 

0 7954 

30 33 

283 6 

2 349 

0-8002 

41-64 

270 2 

120 

2 19B 

0 7776 

39 23 

274 1 j 

2 207 

0-7823 

41 46 

260 a 


j 

/, = 0-03029. 






( 

i r“ 

d 

Pit 

P« i 


P.» 



20 

2 734 

0 8770 

Cl 

46 16 

sis'8 ! 

'! 

! 30 

sir 2 



40 

2 660 

0 8602 

44 80 

305 4 j 

1 40 

324 8 



60 

2 688 

0 8413 

44 47 

203 0 ' 

60 

' 311 0 

MRd -- 

-41 6oe. 

80 

2 623 

0-8234 

44 20 

283 0 

11 80 

208 6 


. 39 2 C.C 

100 

2-460 

0-8066 

43 93 

273 3 

1 100 

' 287 8 



120 

2 400 

0 7876 

43 67 

264 6 

1 

j 278 2 




o-nitrobenzyl chlonde m y-xyleiic 












Polsrizstiou of Solids 





P. 

p-uitiobensyl cblorido ^ 

3 33 

1 4S 

S2 

m-mtrobviuyl cUonde 

3 29 

1 44 

S8 

o-nitrobensjrl cblonde 

2-98 

1 48 

48 


4 Dwcwnon. 

The polarizations of the decahjdronaphthalenes agree with the observationB 
of Hilckel (loc. at.) who found that the cis form had a higher boilmg point, 
density, and re&active mdex, but a lower molecular refraction, than the trans 
form; the above figures show that the dielectnc constant of the cis isomer is 
higher, but its polarization leas, than that of the trans isomer. In all three the 
nearness of the dielectric polarization to the extrapolated refnotivity indicates 
that the hquids are non-polar with, moreover, a very small atomic polarization. 
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Tho same holds for p-xylene. All four liquids show a small but definite increase 
of polarization with rise of tempi'rature instead of the usual decrease observed 
with substances which possess u iiioinent This small increase of polarization 
with temperature with presumably non-polar substances has been observed 
by other workers Sander* came to the i oiuliision that the divergence from 
the (Mausius-Mosotti expression shown bv the values for the polanzation of 
benzene was tho result of an incorrect assumption as to the value of the constant 
of the internal field (47t/3), or to the limits of accuracy of measurement then 
attainable Since that time, however, experimental methods of measurement 
of the dielwtnt constant have been much improved and other instances of 
such an increase of polarization observeil, for example, by Smyth and Stoopsf 
for heptane and its isomers, and by Donite and Smyth { for a number of other 
saturated parafiins The increase cannot be due to a direct intramolecular 
effect of temperature smee the polarization of the vapour does not increase 
with temperature as is shown by the recent work of MeAlpine and Smyth§ 



0 cot 009 009 OtO 

A 

Fio 0 

on the polarization of benzene vapour. It must therefore be a consequence of 
a partial restriction of the displacement of the electrons responsible for the 
cohesive forces between the molecules 
Benzyl Alcchdt. —^The change of polarization with concentration is shown in 
fig. 6, m which the radii of the circles represent approxunatcly the uncertamty 
* < PhysJk, Z.; vol 27, p 166 (1926). 
t ‘ J. Amer. Chem. Soo.,’ vol 60, p. 1883 (1028). 
t Ib%d., rol. 62, p. 3646 (1930) 

17M., Tol. 66, p. 463 (1933) 
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in ihe polamation corresponding to an error of 0 0006 in c, the experi¬ 
mental point being at the centre of the circle. 

From this can be seen the great difficulty of accurate extrapolation to 
infinite dilution at the lower temperatures in a strongly associated solute • 
for one less strongly associated, or at higher temperatures, the change of 
polarization with concentration m dilute solution is much less, and the un¬ 
certainty m Pg therefore of leas signifii^nce m the extrapolation. The results 
also show that the polarization of benzyl alcohol, except in very dilute solution, 
at first increases with nse of temperature It is evident that we are here 
concerned witli some effect, wluch is probably due to molecular association, 
which decreases the polarization of the solute at the lower temperatures. 
Such an effect of molecular association a as disc ussed by Debye* m his theo¬ 
retical treatment of dielectric polarization and has been found for some ahphatio 
alcohols by Smyth and his co-workers Also, as with the ahphatic alcohols, 
there is evidence here of a second type of association which increases the 
moment, m the shght upward trend of the curves at the higher concentrations; 
Sidgwickf has suggested that the latter may be due to the formation of co¬ 
ordinate hnks between the oxygen of one molecule and the hydroxyl hydrogen 
of another. We are, however, here mainly concerned with the first kmd of 
association, which is probably electrostatic m nature, the dipoles opposmg 
one another, the moments cancelling When P, is plotted against 1/T the 
curves of the more dilute solutions straighten out above about 100°, beyond 
which we may assume therefore that the molecular association is small The 
extrapolation of Pg to /g — 0, at 100°, 140°, and 160°, may be earned out to 
± 0*6 c c and gives three points which he almost on a straight hne, the slope 
of which mdicates a moment of p = 1 6 X 10““ e.8.u. This value is neces- 
sanly approximate owmg to the limited number of expenmental pomts on 
the hnear portion of the curve and to the small temperature range (60°), it 
is, however, probably correct to the two significant figures given and is theo¬ 
retically more free from objection than that calculated from measurements 
at a smgle lower temperature. It is slightly lower than the moments of methyl 
and ethyl alcohols (1*7) which may be attnbuted to the slightly greater 
repulsion between the hydroxyl hydrogen and the large group of the benzene 
nucleus, leadmg to a widening of the oxygen valence angle. Benzyl chloride, 
m contrast to benzyl alcohol, is associated in solution to a much less degree and 
the Pgoo — 1/T relation appears to be linear over the whole temperature range 
* Man, “ Handb Radiologie,” vd. 6 (1926). 
t “ The EJeotimio Theory of Valenoy," Oxford, p. 134 (1927). 
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exanuned. The equation to this line (which as m the other oases is calculated 
by the method of least squares), is 


firom which (x - 1-72 x 10~“ e.8u. with a probable error of i 0*02 umt 
p-nUrobenzyl Monde .—^Plotting Pjo, against 1/T wo obtain 


from which (x — 3 46 X lO'i" c s u ± ()‘02 umt 

The moment of p-nitrobenzyl chloride has been measured in benzene solution 
at 25° and 60° by Smyth and Walls * Taking Pg + Pa equal to the molar 
refractivity for the sodium D line, they calculate a moment of 3-58 y 10“'* 
e B u at 26° and 3 60 X 10“'* e a u at 60°, the same assumption applied to 
the present results leads to apparent moments of 3 66 x 10“'* e s.u at 20° 
and 3*69 X 10"'* es u at 60°, which are in eveellent agreement with these 
values. It IS clear, however, from a consideration of the polarization of the 
sohd and of the temperature variation of the solute polarizations that P^ f 
has a much higher value than the refractivity for the sodium D line Also, 
it IS difficult to understand how the moment of p-mtrobenzyl can mcrease 
with nee of temperature smee rotation of the —CH jCl group around the C—C 
bond as axis would not change the angle between the —NO, moment and 
that of the benzyl group , wc should therefore expect that all the rotational 
isomers would have the same moment, unless the C—Cl moment were affected 
by its position relative to the plane of the benzene rmg, or the —NO, moment 
were not, as is generally assumed, directed through the centre of the ring If 
we make the assumption that the moment is constant, we obtain the value 
given above, (x = 3*46 X 10“'* c s u and also A = Pg + Pa = 58 c c This 
latter value is slightly higher than the value obtained from the polarization 
of the solid, which is, however, almost certamly a minimum value on account of 
the difficulties already mentioned, m the way of an accurate measurement of 
the polarization of the sohd 

m- and o-nUrobenzyl chlorides .—^Tho polarizations of ortho- and meta- 
nitrobcnzyl chlorides, when plotted agamst 1/T, also give, within the error 
of measurement, straight hues over the whole temperature range, 


Pjo. 


73,000 
T ’ 


* * J. Amer. Cihem. Soo.,’ vol 64, p. 1864 (1982). 
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for 7»-nitrobenzyl chloride, and 

P..=69.6 + M», 

for o-nitrobenzyl chloride. 

The large differences, however, between the intercepts at 1 /T = 0 and the 
polarizations of the sohds, suggests that for these two the intercept cannot bo 
taken as indicating a large value of 4- Pk. partly due to an increase 

of moment with rise of temperature. Also, as for the p-isonier, the polariza¬ 
tions of the solids are much higher than the optical polarizations, and although 
the former may possibly be on the low side, the values of the electric moment 
obtained as a result of takmg Pa + Pk = P*au. wiU probably be appro-xi- 
mately correct. 

Calciilatmg then [1 = 0 01273\/(P2,t — • T for w-mtrobenzyl chlonde, 

we obtain, 

< . . . .. 20° 40“ 60“ 80° 100“ 120“ 

[jLXl0"(esu) .. 3-71 3 72 3-74 3-76 3-78 3 80 

showing a marked increase in the moment vrith rise of temperature winch is 
too great to be attributed to any small residual error in the value of Pa + P*. 

A change of moment with rise of temperature also appears to occur with 
o-mtrobenzyl chloride With this substance the polarization of the sohd 
was found to be less than for the other isomers, when raeasural by the same 
method and with presumably the same accuracy, this was observed with both 
test condensers and may be a consequence of the restriction of the vibrations 
associated with the two groups, brought about by their close prozmuty. 
Calculatmg the electric moment as before 

p = 0 01273 V(P,,-P«im)T, 
we obtain for ortho-mtrobenzyl chloride • 


t . 20“ 40° 60“ 80° 100“ 120° 

pXl0“(es.u) .. . 3-93 3-93 3-95 3-96 3 96 3 97 


or about half the rate of increase compared with the m-isomer. 

The change of moment with temperature m both isomers is most probably 
a consequence of the rotation of the —CH,C1 group, as may be seen from a 
comparison between the observed moments and those calculated vectonally 
from the moments associated with the nitro- and —CHfil groups respectively. 
Such calculations can only be approximate in view of the assumptions which 
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are involved, in particular, that the moment of one group attached to the 
benzene nucleus is uninfluenced by the mtroduction of a second substituent. 

The agreement between the polarization of benzyl chloride m decahydro- 
naphthaleno at 20° with the values obtained by other workers m benzene 
solution, suggests that similar results would be obtained in p-xylene , we are 
therefore justified m using the value of (x = 1 72 X 10““ e s u. for the moment 
of benzyl chlondc m the followmg caleulations For the moment of the mtro 
group in the absence of any value obtaininl by the temperature coefficient 
method over a wide range of temperature, we may take p, = 3"9 x 10“^® e s u * 
K, then, we assume that the moment of the mtro group is directed through the 
centre of the nng, the angle 6 which it makes with the —CH,C1 group m 
p-mtrobenzyl uhlondo, may be calculated by means of the usual equation for the 
resultant of two vectors 

p = V mf mf + 2m^m| cos 0, 

m which Wj = the moment of the —NOj group, = the moment of the —CHgCl 
group and p = the moment of p-nitrobenzyl chloride, from which we obtam 
0 = 118°. The difference between this and the theoretical tetrahedral angle 
of 109° 28' may easily arise from the approximate nature of the assumptions 
involvwl, as well as from small errors in the values of nq, w, and p. The 
angle, however, may actually be different from the tetrahedral angle, since it 
IS the angle of the group moment as a whole. The value obtained is withm 
the limits of the angles obtained by Smyth and Wallsf from the moments of 
a number of para substituted benzyl hahdes We shall therefore take 0 — 118° 
in the following calculations; the values are such that the conclusions arrived 
at would not be affected qualitatively if 0 hes between 118° and 109-5°. 

For m-mtrobenzyl chloride the angle between the moments is not mdependent 
of the rotational position taken up by the —CH,C1 group, values between 
120° — a and 120° + a, (a = 180° — 0), bemg possible, corresponding to a 
kind of “ CIS ” and “ trans ” positions respectively. Taking 0, which is the 
angle between the moment and the adjacent C—C bond, as 118°, the corre¬ 
sponding possible moments for these extreme positions are 2*28 x 10"“ e.B.u. 
and 5-03 X 10““ e.8.u., neither of which is close to the values actually found 
(3 71 to 3 80) If we assume complete freedom of rotation about the C—C 
bond joinin g the — CH,C1 group to the benzene nng, that is assuming an 

* Smyth, " Dieleotrio Constuit and Moleoular Stmotiure,*’ Xew York (1931) 
t ‘ J. Amer. Chem. Soo.,* vol. 64, p. 1864 (1932). 
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equal probability for all podtions around the sohd angle described by the 
—CHiCl group, the moment should be 



Making the subshtutiona we find (t = 3*88 X e.s u. We must therefore 
conclude that the —CH|C1 group in the meta position has a fairly large freedom 
of rotation, but that the positions near that of maximum potential energy, 
when the dipoles arc moat closely orientated, are rather less frequently occupied. 
As the temperature rises the mcreased rotational energy acquired by the group 
results m the more frequent close approach of the dipoles. 

o-nitrobenzyl chloride is similar, but is complicated by the possibihty of the 
mutual mteraction of the groups as a whole, as well as of the dipole repulsion. 
The calculated moment, if the rotation were unhindered and the moment of 
each group uninfluenced by the other (assumptions which are certamly not 
stnctly correct), would be 4*62 X 10"**e8u The mutual repulsion of the 
groups as a whole would make this figure lower The values actually found 
(3-93 to 3*97) agam mdicate a certam degree of freedom of rotation 
For the sake of comparison, m the foUowmg table are given the moments 
of benzyl alcohol, benzyl chlonde, and p-mtrobenzyl chloride, calculated from 
the present results (a) from the temperature variation of the polanzation, and 
(b) by takmg A m equation (2) equal to MB],. Values obtamed by other 
observers are also given, together with the method of calculation 


Present renilti 

1 Previou lesulti (tn beniene) 


(e 

X 10“ 

ISU) 





U 

8P/8(I/T). 

(P-MBr)T 

MX10“. 

(osn) 

B. 

Authuig 

Bentyl sloohol 

1 6 

1 7 

1 68 

[P-(MB«+15%)]T 

Bodenheuner and IVchage.t 

Bensyl ohlonde 

1 72 

1 83 

1 82 

1 84 

1 87 

(P-MBw,)T 

(P-MR)T 

(P-MRd)T 

Sutton.}: 

Bergmann, Sngel, and Saador.} 
Weiisbeiger and Siui(B«ald.|| 

MhiobeniYl 

eUotMe 

3 46 

3 66 

3 68 

(P-MRj,)T 

Smyth and Walla.^ 


t'Z.pli7*.CheaiVB,vo].18,p.348(1932). f Fno. Bov Soo,'A, vol 133,0.668(1831}. 

i' Z. pbji. Chem.,’ B, voL 10, p 397 (1930) ||' Z i^m. Oim,' B, toL 9, p. 133 (19M), 

Amer. Cwm. 6oo toL 64, p 18M(1832). 


Cf. Faclu, ‘Z phyi Cawffl.,’ vol. 14, p. 339 (1031). 
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The values of (j. calculated with the use of the molecular refraction are m 
excellent agreement with the results of other workers; but the variation of the 
polarization with temperature shows that tho atomio polarization of these 
substances cannot be neglected. 

Thanks are duo to Messrs Imperial Chemical Industries, Ltd., for a 
grant for the purchase of apparatus, and to the Depcurtment of Scientific and 
Industrial Research for a maintenance grant to J R. 

Sununary. 

(1) The estimatioa of electric moment in solution by moans of measurements 
of dielectric constant and density in solution over a wide range of temperature 
is discussed. 

(2) Technical “ Dekalm ” has been fractionated mto two samples consistmg 
mainly of the cis and trans isomers respectively, and the dielectnc polarizations 
separately estimated. Both isomers as well as a mixture used m the rest of 
the work as a solvent are shown to bo non-polar p-xylene is also shown 
to be non-polar. In all these substances the polarization mcreases shghtly 
with rise of temperature 

(3) The polarizations of benzyl alcohol and benzyl chloride have been 
measured m deoahydronaphthalenc solution from 20° to 160°. The estimated 
electric moments are, benzyl alcohol |i = 1*6 X 10~“ e s.u., benzyl ohlonde 
(A = 1 72 X 10~“ O.S.U The polarization of benzyl alcohol except m very 
dilute solution is shown to rise at first with temperature, which is attnbuted 
to a decrease of molecular association It is shown that for an associated 
solute, the extrapolation of the polarization to infimte dilution can be earned 
out with much greater accuracy at higher temperatures. 

(4) The polarizations of o-, m-, and p-mtrobenzyl chlondes have been 
measured m p-xylene from 20° to 120°. 

(6) With the aid of measurements of the polarizations of the sohds it is 
shown that the moments of o- and m^nitrobenzyl chlorides increase with 
temperature whilst that of p- is probably constant. Results, o-, 3 * 93 to 3 * 97; 
t»-, 3 71 to 3-80, p-, 3-46. (X10“** e s u. in each case ) 

(6) It IS shown that these results am consistent with a rotation of the—CHiCl 
group about its axis, which is unhmdered in the p- compound, sufiers a slight 
hindrance m the m- which decreases with rise of temperature and experiences 
a greater hmdrance in the o-. 
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Tht Thermal Expansions of Certain Crystals with Layer Lattices. 

By Helen D. Megaw, M A., Yarrow Research Student of Qirton College, 
Cambridge 

(Communicated by A Hutobinson, F R 8 —^Received May 6, 1933 ) 

[Plats 2] 

The methods for the determination of linear expansion coefficients which 
are apphcable to anisotropic substances fall into two mam groups, the optical 
and the X-ray methods. Of these the former have hitherto been much more 
extensively used. They consist essentially in measuring the change m distance 
between two plane surfaces of the ci^stal Thus, Fizeau* mvcstigated a large 
number of crystals by an interferometer method, and much of the subsequent 
work on single crystals has been done by modifications of this method. An 
optical lever method was applied by Robertsf to the measurement of the 
expansion of single crystals of bismuth The X-ray method determines 
directly the change m lattice spacmg of the crystal. It was first employed by 
Backhurst,} who used an ionization spectrometer to find the expansion of 
diamond, and that of graphite perpendicular to its cleavage plane The same 
method has been used by Goetz and Hergenrotherf for the expansion of bismuth 
crystals Bccker|l employed a photographic method, calculating the expansion 
from the shift of the hnes on a powder photograph He investigated 8i‘veral 
cubic and uniaxial substances up to temperatures of about 850° C A similar 
method was used by McLennan and Monkman^ to examme zme and cadmium 
at hquid aur and room temperatures, and by Miiller** to find the expansion of 
long-cham paraffins up to their melting point 

The X-ray methods of determming thermal expansion possess two advantages 
over any optical method. The first concerns the matenal used Since it is 
the change in spacmg and not the actual external change in size of the specimen 
which IS directly measured, neither the size nor shape of the crystal affects the 

* ‘C. R. Acad 8ci Pans,’ vol. 62, pp. 1101, 1133 (1866); vol. 66, pp. 1005, 1072 
(1868) 

t • P»o. Roy. 8oo.,’ A, vol. 106, p. 385 (1924). 

t ‘ Proo Roy. Boo.,’ A, vol 102, p 340 (1923). 

I * Phys. Rev ,’ vol. 40, p. 643 (1932). 

II • Z. Physik,* vol 40, p. 37 (1926). 

H ‘ Proo Roy. Soo. Canada,* vol 2.3, Sect 3, p 255 (1929). 

•* * Proo Roy. Soo.,* A, vol, 127, p 417 (1930). 
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accuracy appreciably (provided that it is so small that geometrical errors are 
not introduced; this depends on the particular ezpenmental arrangement). 
Thus very small crystals can be used, and it is immaterial what external faces 
they diow; it is not necessary to grind and polish surfaces perpendicular to 
the direction m which the expansions are to be measured. The only conditions 
fixing a lower limit to the size of the crystals are the practical ones of con- 
vemence in setting the crystals and the lengths of exposure necessary Given 
sufficiently long exposure tunes, the substance may even bo examined in the 
form of a powder, as m the work referred to above, but m general the photo¬ 
graphs so obtamed are liable to be too complicated to interpret satisfactorily 
for any substances but those with cubic and umaxial symmetry. 

The second advantage of X-ray methods is that they determme the expansion 
of the lattice as distmct from the macroscopic expansion It has be< n shown 
by Goetz and Hergenrotlier (foe ett) that these two are not necessarily the 
same They measured the thermal expansion of bismuth along its trigonal 
axis up to the melting point, and showed that while the expansion coefficient 
as measured by X-rays increased with the temperature, the expansion coefficient 
measured optically remained constant till near the melting pomt, when it 
decreased rapidly The results for the macroscopic expansion ore m general 
agreement with those of Eoberts Goetz suggests as a possible explanation 
that the crystals possess a mosaic structure, the layers between the micro- 
crystals being occupied by amorphous or “ decrystalhzcd ” atoms with a 
small expansion coefficient Whatever the explanation, it is clear that it is 
the lattice expansion which should be calculable from the lattice theory of 
crystal structure; if the macroscopic expansion is different, it must mvolve 
factors which are not dealt with by the lattice theory This is in accordance 
with the experimental result of Goetz and Hergenrother that the expansion 
coefficients determined by X-rays obey Qnmeisen’s law, ot/c, — const w'hereas 
those determmed mocroscopically do not On the other hand, there is no 
evidence that an appreciable difference between the lattice and macroscopic 
expansions is of umversal or even common occurrence, mdeed it is much more 
likely that for ordmary crystals far from their melting pomts the difference 
IS small But until there is more information available on this subject, 
it is desirable that the actual lattice expansions, as detenmned by X-rays, 
should be used when strict comparison is to be made with theoretical results. 
The theory of homogeneous deformation* shows that a sphere of unit radius 
♦ Piteau, ' C. R. Acad. Soi. Paris,’ vol 66, p. 1006 (1868) ; Eletoher, ‘ Z KristaUog.,’ 
vd. 4, p. 8S7 (1880) ; Voigt, “ Lehrbuch der Krwtallphysik," p, 171 (1910). 
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at a given temperature m any crystal changes at a neighbouring temperature 
into an ellipsoid, whose axes serve, in length and direction, to determine the 
expansion of the crystal over this temperature range. Let the expansion 
coefficients in the direction of the axes be Cj, e„ c,. Then the semi-axes of the 
ellipsoid corresponding to a temperature change of 1® C. are 1 + Cj, 1 + Cj, 
1 -f Cj, and the expansion coefficient c m any other direction making angles 
Oi, Oj, 63 , with the axes of the elhpsoid is given by the equation 

1 cos* 0 | I cos* 0 , . cos* 6 g 

(1 -j- e)« (1 + ej*(1 -f eg)* (1 -f e*)*' 

The symmetry of the ellipsoid must be consistent with the symmetry of the 
crystal The crystals dealt with m this paper belong to the rhombohedral 
and monoclinic systems In all uniaxial crystals the elhpsoid becomes an 
elhpsoid of revolution with its axis comoident with the crystallographic axis, 
its onentation is thus Axed, and = Cg. Hence two measurements of the 
expansion coefficients parallel and perpendicular to the trigonal axis serve to 
determme the ellipsoid completely. In the monochtuc system, one axis of 
the elhpsoid coincides with the symmetry axis of the crystal, but the others 
may he anywhere in the plane perpendicular to it. The problem then is to 
find the length and direction of the axes of an ellipse lymg m the ( 010 ) plane; 
there are three unknowns, so measurements of the expansion m three known 
directions in this plane arc required to solve it. Measurement of the expansion 
along the symmetry axis fixes the re maining axis of the ellipsoid 
For purposes of calculation, it is more convement to use Voigt’s “ deforma¬ 
tion tensor ” This is a come with its axes in the same direction as those of the 
elhpsoid previously described, but involving the expansion coefficients directly. 
It is given by the equation 

« cos* Gj Cg cos* Gg -f- c, cos* 0 ,. 

It can be denved from the previous eIiii»oid by neglecting the squares of the 
expansion coefficients. Since the expansion coefficients may be negative, 
the come may be a hyperboloid. Its semi-axes are inversely proportional 
to the square root of the expansion coefficient where this has a maximum or 
minimum value. 

ExpmmerUal Details. 

The ipe^od adopted m this research uses small single crystals. By a smtable 
choice of X-ray wave-length, a reflection fipom some order of the plane to be 
investigated is obtained at a glancing angle of nearly a nght-angle, and recorded 
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on a film in a back-camera (see fig. 1) m the way proposed by van Arkel ^ 
Then in accordance with Bragg’s law, nX = 2d sin 6, a change Ad m the 
spacing corresponds to a change A6 m the glancing angle given by 

^ = cotO AO 

a 

Smce 6 is nearly tz/'i, a small change of spacing thus gives a large change of 
angle, making possible accnrate detemimations of the spacmg From 
measurements of the position of the spot produced by the ray refiected &oni 
the crystal at the different temperatures, the thermal expansion normal to the 
reflecting plane is calculated. 


D 



The substances investigated were brucite Mg (OH),, calcium hydroxide 
Ga (OH)„ and hydrargilhte (gibbsite) A1 (OH),. The two former are iso- 
morphous. They belong to the rhombohcdral system, and possess a simple 
layer structure consisting of a plane of cations between two planes of hydroxyl 
ions. The only parameter in the structure defines the distance between the 
cation and hydroxyl layers. Hydrargilhte is monoclmic, with certam pseudo- 
hexagonal features. Its structure is closely related to the others, consisting 
of a similar layer lattice, but is much less 8imple.f They all have a very 

* ‘ Z. Kristallog.,’ vd. 67, p. 23S (1928) 

t [XTote added %n proof. —The structure has now been determined by the author, and 
wiU be published shortly in > Z. Kristallog ’] 
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well-marked basal cleavage. This senes of substances was chosen for 
exanunation because their layer structure was expected to give rise to a 
large anisotropy, and because the simphcity of the structure of the first two 
IS a convenience m practical work, and gives some hope that the theoretical 
calculation of the expansion coefficient may be possible. The substances are 
also of interest because of the relationship which exists between them and 
silicates with a layer structure, such as the imcas, the chlontes, and kaolimte.* 

The apparatus consisted of a Bernal photogonioraeter, fitted with a back- 
camera which could be used instead of the ordinary cyhndncal camera. The 
back-camera consisted essentially of a film-holder moving on a slide, by which 
it could be set at any desired distance from the crystal, and carrying a vernier 
by which its position could be read A brass tube of 3 mm diameter penetrated 
the holder, holes being punched m the films to accommodate it; it earned the 
aperture, which was about 0*3 mm. m diameter. The aperture was adjustable 
and could be set so that the distance from aperture to crystal was equal to 
that from crystal to spot, as calculated from preliminary measurements, thus 
fulfilling the focussmg condition 

Small natural crystals from 1 mm to 3 mm. in suse were used Besides a 
well-developed basal plane, all possessed a few other faces, small but good 
enough to allow the crystal to be set optically to withm a degree or so The 
final adjustments were made from tnal photographs The crystals were given 
an oscillation of 2° about the calculated reflecting position ; reflections from 
the plane examined were obtamed in turn on each side of the direction of 
incidence of the beam 

The temperatures at which the spacings have been measured arc room 
temperature and 100° C. It is hoped later to go down to hqmd air temperatures. 
For the higher temperature the heating arrangement consisted of a double- 
walled water-jacket of brass fitted with a short condenser of copper tubing, 
fig 2, it was wound with a heatmg coil lagged with asbestos and takmg 60 
watts. The crystal was mounted with a drop of “ Durofix ” on a glass fibre 
held m position on the arcs with a small pellet of fireclay; the arcs were heat- 
insulatcd from the rest of the goniometer by a layer of asbestos. The jacket 
shpped over the arcs carrymg the crystal, and rested on a stand attached to 
the base of the goniometer, from which it was heat-insulated with asbestos. 
A window of about 26° aperture allowed the passage of the incident and reflected 
X-rays It was covered with a thm piece of paj[>er to prevent disturbance 


Fanling, ‘ Proc Jfst. Acad 8cl. Wash.,’ voJ. 16 , pp. 183, 878 (1880). 
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of the temperature by draughts. The crystal and its area were thus almost 
enclosed in an oven at a uniform temperature. The temperature was measured 
by a mercury thermometer reading to \° which passed through a hole m the 
top of the oven; it was found to remain constant to within C. 



The X-ray source consisted of a Shearer gas tube, takmg 2 mA. to 15 niA. 
at about 20 KV. to 35 KV. The anticathode was removable, and the copper 
one ordmanly used could bo replaced by whatever else was needed for any 
particular purpose. During the latter part of the work, a tube specially 
designed for it was used, m which all the demoimtable parts were sealed with 
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rabtMsr washeiB held tight by brass nuts. This made it very easy to change the 
anticathode as often as it was needed 

A certain amount of preliminary work was necessary with each crystal. 
The order of the plane chosen for measurement of the thermal expansion must 
satisfy two conditions: it must he of reasonable intensity, so that the exposures 
need not be unduly long; and it must give a reflection with some convenient 
wave-length at nearly 90°. The second condition necessitates an accurate 
knowledge of the spacmg, as, owing to the high dispersion, small changes of d 
are accompamed by large changes of 0. The values quoted m the Struk- 
turbencht are not sufficiently accurate. The spacing was found from the 
highest order reflection obtainable with copper radiation, this m general gave 
sufficient accuracy for the purpose. Using the value thus obtained, a wave¬ 
length was chosen which would give a reflection with a reasonably strong 
order of the plane at an angle 0 greater than 78°. (This is the practical limit 
set by the onnstruction of the heater, as rays reflected at any smaller angle are 
out off by its walls; but m any case the dispersion would not be great enough 
much below this angle.) For each order there is only a very small range of 
wave-length which gives reflections at such angles; and it was sometimes 
difficult to find a convenient emission Ime with which to work. Experiments 
had to be made with antioathodes of different elements so as to find one which 
worked smoothly and gave an appropriate hne of good mtensity 

The lines used for the different expansion measurements were Cu B[a and p, 
Zn Ka, Fe Ka, Ni K«, Mn Kp,, and Ce Lp^. For the first three, the whole 
anticathodc was made of the element or its alloy, copper, brass, and steel 
respectively For the Ni hne, a copper anticathode was plated with a thick 
layer of mckel, about 0*3 mm. thick, this still gave the Ni hne strongly after 
about 30 hours use. For the Mn hne, a disc of a manganese-copper alloy 
coutammg about 30% manganese was spun into a copper anticathode. The 
author wishes to express her thanks to Dr. Stockdale for prepanng the aUoy 
from which the anticathode was made. With the tube running at a fairly 
low potential, the disc of alloy lasted about a week before it needed renewal. 
For the Ce line, powdered cerium was fused on to a copper anticathode with 
borax m a blowpipe flame at a dull red heat; the cathode was set at 6 cm. 
fitom the anticathode instead of the 4 cm. at which it was in focus, and the tube 
was run at a low potential. After about 8 to 10 hours running the cenum 
needed renewal With this long wave-length, the usual window of al uminium 
foil was replaced by a piece of celluloid covering a small hole in lead. A reason¬ 
ably strong beam was obtained. The Imes given by these anticathodes of 
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manganese and cerium were examined by pbotogiaphmg the spectrum obtamed 
from the (111) plane of dumond , all l^e expected Imes occurred m both cases, 
including the hnes required for use. 

Freliminary photographs recording separately the spots due to the hot and 
the cold crystals were first obtamed, to determme whether the change of spacing 
on heating was an expansion or a contraction When possible, for the actual 
measurement of the expansion, the two sets of spots were recorded on the same 
film, but when the spot was too large or irregular this would have led to 
confusion, and separate films were then used. In every case at least two inde¬ 
pendent measurements of the expansion were made Two examples of the 
photographs obtained are given in fig 4, Plato 2 The exposure time needed 
for each spot was from 2 to 6 hours. 

Measurements of the distance between the spots on the film were made on 
an accurate glass scale against an illuminated background, the scale was 
graduated m millimetres, and 0-1 mm could be estiinated. Tlio focussing 
condition secures that the width of the spot shall be equal to the width of the 
sht, provided that the crystal is perfect. In this case its position can be read 
to 0"1 mm. But with some of the crystals used, the spot was drawn out or 
irregularly shaped, owing to imperfections m the crystal When this liappcned, 
it was generally possible to make measurements to corresponding parts of the 
spots; the error might then be as much as 0*3 mm. 

The films were found to shrink diirmg development, the shnnkage was 
measured on films of two separate batchy and found to be about 0-3% in 
both. This introduces an error into the measurement of the position of the 
spot, and hence mto the spacing , but if it is umform it gives only a negligible 
error m the expansion coefficient The results show that it is justifiable to 
consider it unif orm ■ for the expansions agree with each other within the 
estimated error, whether the measurements of the spaemgs at the two tempera¬ 
tures were made on the same or differmt films. A correction for shnnkage 
was made m calculating the spaemgs given in Table I. 

The distance from specimen to film was obtained ffiom the scale reading 
of the camera’s position. To find the absolute value corresponding to a given 
scale reading, the distance fiom the aios of the goniometer to the fiJhn was 
found with a distance rod, and a constant correction thus obtamed to be 
applied to all scale readings. The scide could be read to less than 0*06 m m ., 
the error m the determination of the absolute distance is about 0 ■ 05 mm. The 
setting on the axis of rotation of the crystal face used had a possible error of 
O'l wim. Where the crystal had not a large fiace pa r a llel to the plane to be 
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investigated, its geometrical shape mtiodnoed another small error into the 
distance; as the crystals used were small, this was probably never greater 
than O'S mm It was also possible that the crystal might change its position 
on heating, owing to the uneven expansion of the arcs on which it was mounted. 
To determine whether this occurred, when the crystal and its arcs were at the 
high temperature, the oven was removed and the setting of the crystal qmckly 
exanuned. No change could be observed. The error firom any source in the 
distance from crystal to film was therefore probably not greater than 0*3 mm. 

If the measured distance between the spots on opposite sides of the aperture 
18 2a, the distance &om crystal to film 6, the glancmg angle 6 is given by 

tan (it ~ 20) = I 
b 

The error in the spacing is given by 

where A6 are the errors m a, b respectively For 6 = 7 cm, 0 = 80°, 
the error is about 0*03%, The change m spacing due to the expansion is of 
the order of 0*3% *, hence the error m determining the coefficient of expansion 
is very roughly 10%. This can be considered in another way : if e is the shift 
of the spot due to expansion, As the error m its measurement, the error m the 
expansion coefficient is given by Ae/c. Now Ac, for a good crystal, depends 
only on the width of the aperture ; therefore the greater the shift of the spot, 
the greater the accuracy with which the expansion can be measured. For an 
imperfect crystal, Ae mcreases with e, and the same advantage cannot be 
obtamed by increasing the displacement 
The temperature is measured accurately to about 1° C., that is, to 1% An. 
error of this amount is negligible compared with the above. 

The values used for the wave-lengths are those given by Siegbahn.* 


RuuUb. 

The values obtamed for the thermal expansions are given in Table I, along 
with the exact spaemgs of the planes used and the estimated error of the deter¬ 
minations. A more detailed account of the work on each substance is given 
below. 

OaXcUe, CaCO,.—Before beginning woric on the hydroxides, it was oon- 
sideied desirable to determine the expansion of a substance which was already 
* “ Spaktnskopte der Boo tg epit m hlen,** Snd ed. (1031). 
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Table I 


SuhitMun 

Plano 

perpendiuular 
to which 
cxpanainn 

mcaaurod 

! 

Xiins j 

[ 1 

ITano 
used to 
mcuiiuro 1 
oxpanoiim 

1 

2 

1 

1 

j Spacing • 

1 ^ 

Kcpamsion 

rrwfficient 

X 10* 

2 .-a ± 0 15 
-0 52 ± 0 07 

■ 

Gilcite, CaCO, 

j 0001 

1 lolo 

CuK/1, 

ZnKa, 

1 

000 21 ! 
KOik) 1 

11 40 

4 30 

1 

!tl7 020] 

1 [4 312J 

Brunite, Mg (OH), 

' 0001 
; loio 

Coup, 
CuKo, j, 

0004 j 
22lO 

1 

8 40 
{111} 

j 4 768 1:0 003 

I 3 142 d:0 003 

4 47 ± 0 20 

1 10 ±0 15 

Calcium hydm^ido, 
Oa(OH), 

0001 

FeKo, \ 

0006 

f 9 26\ 
\ 8 12/ 

1 4 805 i 0 003 

3 34 ± 0 20 


1 lolo 

Cu K a’ 1 

40^ 

{IS} 

3 5863 JrO 00o7 

0 98 1 0 08 

HrdrargiUit«,Al(OH), 

010 

NiK«i \ 

oeo 

fll 20-1 
\10 38/ 

6 0602 -bO 0006 

1 09 ± 0 08 


001 

MnK j9, 

00 10 

0 48 

9 669 -hO 003 

1 54 ± 0 10 


100 

Zn K a. 

12 00 

4 49 

8 6236 -bO 0007 

1 31 10 07 


lol 

Ni K «, I 
*1 / 

; 808 

f 9 43’1 
\ 8 30/ 

1 6 707 d:0 001 

3 90 ± 0 20 


101 

Cu K 0, j, 

1 808 

{US} 

1 6 1972 iO 0005 

-0 56 ± 0 07 

PUogipite (mioa) 

001 

1 

CuKa, 1 
«t J 

j 00 13 

{o 

1 10 0844 ± 0 001 

L_ 

1 49 ±0 15 


• The apaoinga enoloaed in aquare brackets are quoted from the Strukturbenoht. 


known, in order to test the method and chock its accuracy. The expansion 
of calcite has not previously been determined by X-ray methods, but it is 
nnhkely that its lattice expansion differs from its macroscopio expansion by as 
much as the experimental error of the present method. The planes (000 24) 
and (60S0) gave reflections m smtable positions with Cu and Zn Kkx 
respectively. The crystal used showed a hexagonal pnsm termmated by a 
rather unperfect basal plane; it was about 4 mm long and 3 mm. in diameter. 
The accuracy could probably have been mcreased by the use of a better crystal. 
The values obtamed for the coefficients of expansion agree within the limits 
of error with those found from mterferometer methods, which are given for 
oompanson in Table II. The coefficient of expansion perpendicular to the 
axis IS negative, showmg that a contraction occurs m that direction. 

BrwUe, Mg (OH), —The crystals used were from a specimen in the Mmera- 
logical Collection of Cambndge Umversity, and came from Wood’s Mine, 
Texas, Pennsylvania. They occurred in thin flat plates with a hexagonal 
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outline, the side faces were found to belong to the pnsm {lOlO}. The 
measured cell dimensions were c = 4*768, a = 3*142, as compared with the 
values 4*73, 3*12 respectively quoted in the Strukturbencht. For the 
expansion parallel to the axis, a piece about 1*6 X 1 mm. in area, of 


Table II —Expansion coefficients of calcite X 10*. 



Present experiment. 

Ficera.* 

Benoit.t 

Parallrl to axil 

2 S3 J, 0 IS 

1 1 

2 621 1 

2 5135 

Perpenclioalu to axw 

-0 52 d- 0 07 

-0 540 

-0 5578 


*'C B.Aoad Sd Pans,* vol 66,p 1005(1868). 
t * Tray Mem. Bur. Int Poida el Me«.,’ vol 6 (1888). 


thickness 0*1 mm, was used. The spot was considerably drawn out hori¬ 
zontally, indicating a variation of spacing throughout the crystal For the 
expansion perpendicular to the axis, a larger crystal was taken, about 0-3 mm. 
thick, 6 mm. long and 3 mm wide. The plane (22iO) was used with the 
Cu Ka doublet The spots were drawn out honzontally, and also redupheated 
m a vertical direction, indicatmg differences in orientation between different 
parts of the crystal 

Calcium Hydroxide, Ca (OH)|.—^The crystals of this substance came from 
the Imperial Cheiracal Industries, Northwich, where they had been found in a 
disused lime kiln. The specimen used for the expansion measurements was a 
small thin plate about 2 x 1 X 0*2 mm. The measured spaemgs were 
e = 4*896, 0 = 3*686, as compared with those found by Hamngton,t 
c = 6*030, a = 3*680, who, however, obtamed his results from powder photo¬ 
graphs. There was no sign of chemical decomposition of the crystals after 
some weeks’ exposure to air, and no change could be detected either'm the 
spaemgs or m the mtensities of the basal plane as measured on an ionization 
spectrometer. 

For the expansion parallel to the axis the strong plane (006) gave a reffectiOD 
at a suitable angle with the Fe E« doublet, and a steel anticathode was 
accordmgly used. The spots were drawn out honzontally as in brucite and 
were even more irregular in a vertical direction. 

For the expansion perpendicular to the axis, a suitable reflection was obtained 
with Cu Ka from the plane (30S0). With this reflection the spots were small, 
single, and only very slightly drawn out horizontally; consequently the 
accuracy could be increased by using a camera distance of 10 cm. 

t ' Amer. J. Sd ,’ vol 18. p. 487 (1M7). 
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Proc. Roy. Soc., A, ml. 142, PL 2. 
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Hydrargilhte, A1(0H)3.—^The crystals used came from Langesundsfjord, 
Bieivig, Norway. The thanks of the author are due to Dr. L J Spencer for 
the gift of one of these crystals, and to Professor Sohetebg and Dr I Oftedal 
for the gift of the others. The crystals were about 1 X 0*6 X 0'3 mm. in 
sixe , they idiowed the faces (001), (100), (lOl), (110), the measurements of the 
angles agreemg with those quoted by Dana. Optically they were positive 
and practioally uniaxial, the opUc axis being mchned at an angle of about 
—20° to the c-azis One crystal appeared to be twinned on the c plane (this was 
shown by a Weissenberg photograph of the hOl zone); but the other, on which 
all the measurements of expansions in the hM zone were made, was a good 
single crystal The spacings found were a = 8 624, 6 = 6’060, c = 9 669, 
as compared with the values given by Pauling,* a = 8 • 70, 6 = 6 • 09, c = 9 ■ 76. 
The 0 plane (001) oorresponds to the (0001) plane in brucite. 

Expansions have been measured perpendicular to the planes (010), (001), 

(100) , (lOl), (101) All these gave good spots, permittmg accurate measure¬ 
ment. For the wave-lengths and orders of plane used, see Table I A camera 
distance of 10 cm. was used in each case except that of (100), where the 
mconvemence of malang long exposures with the Mn anticathode prevented 
it A photograph showing the expansion (negative in sign) perpendicular to 

(101) 18 given m fig. 4, a, Plate 2. 

It IS required from any three of the measurements m the (010) plane to 
calculate the direction and magmtude of the axes of the conic representing 
the expansion in that plane. The expansion m the fourth direction can then 
be calculated and compared with that observed Let one axis of the conic 
make an angle a with a fixed direction m the crystal, say the normal to the 
(001) plane, and let the expansion cocfiicients be i,, c», c, m three diflerent 
directions malring angles respectively with the fiixed direction. 

Then the equation to the come gives 

c, = cj cos* (^, — a) -f eg sm* (c^, — «), 

and similarly for and c,. These three equations can be solved for c^, Cg, 

ot. The solutions are _ 

Cl = HA + B-t-V(A - B)»-f (?} 

C = HA + B-V(A-B)»-f-C«} 

• ‘ Proo. Na*. Acad. Sol. Wash.,' vd. 16, p, m (IVM). 


VOL. OOOilX.—;a. 
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where 


cos cos 


8 jn {<f>, - mn sm (^. - <^) sin (.^ - 

^_ I, 008 COB ^ 


g _ r c.8in^8in(^^ 
lain (^, — ^,) sin (<^, - 


sin - <f>,) sin - ^.) • ’ 
Ct sin sin 


‘’ui - A) Bin - ^,) 
t, sin «^a sin ^ 


Isin — ^,) 


— ^o) ““ (^e — •A. 

+ i*t ) _ [. hBni[4>t +<l>a) _ 

,)8in(^. — ^) sm sin 

c.sin(^.+A) 


:.}• 


n(^ - 4>t) am (<f>, — <f>,)l 


An alternative method of caicolating Ci, Cg, and x is that of successive approxi¬ 
mations. It 18 seen firom Table I that the expansion coefficients normal to 
(001) and (100) are ronghly equal , hence one axis of the come must nearly 
bisect the angle between them, it lies nearly normal to (lOl) Assuimng 
this to be exactly true, is given by cioi, then from and Cgoi separately 
C3 IS calculated, and a mean taken of the two values thus obtamed, which is 
then substituted in the equation and used to calculate a. This is used for a 
further approximation, and the process is continued until values are obtained 
for ti, Cg, and a which are consistent with the observed results within the 
experimental error. 


Table III —^Thermal expansion of hydrargillite m the (010) plane 



CalouUted from 
(100), (001), (101) 

Calcnlfttod frum 
(100), (001), (101) 

Weighted 

mean. 

f, < 10“ 

3 70 ±0 20 

3 02 :t0 20 1 

3 84 ±0 20 

X 1«“ 

-0 08 ± 0 07 

~0 87 ± 0 30 1 

-0 08 ± 0 07 


-40" 44' ± 16' 

-46” O' ±10' 

-40* 04' ± 10' 


The constants for the come have been calculated by the above formula m 
two ways, m the first using the measured expansions perpendicular to (100), 
(001), and (101), the second those perpendicular to (100), (001), and (lOl). 
The results are shown m Table III, the two sets agree withm experimental 
eaot. (They were also checked by the method of successive approxunations ) 
Here «is the angle between the normal to (001) and the axis of the come along 
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which greatest expansion occurs, the negative sign of oc implying that this axis 
hes m the quadrant between the normals to (OUl) and (lOO). The negative 
sign of C3 shows that the conic is a hyperbola, this was obvious &om the 
fact that contraction occurs m a dnection normal to (101) 

The orientation of the axes of the hyperbola m the (010) plane is represented 
m fig 3, which also shows the direction of the optic axis. This figure may be 
compared with those of Fixeau* for the only other monoclmic crystals which 
have been mvestigated 



PUogopite {Magnesia Jlfica).—A cleavage flake of phlogopite was used, taken 
from a specimen from Ceylon m f^e Mmeralogical Collection of Cambridge 
Umversity. Only the expansion perpendicular to the cleavage plane was 
measured , for this, the Cu Ka doublet was used with the plane (00 13). 

The results are shown m Table I. A photograph from which the expansion 
was measured is reproduced m fig 4, 6, Plate 2. 


Discussion of Besults. 

The tbenriftl expansion of a crystal must depend on the thud power terms m 
the expression connecting the energy of the atoms with their displacement. 
If Hooke’s law were strictly obeyed, an morease of energy would not affect their 
mean positions but only the amphtude of their vibrations; but if the expression 

• ‘ C. R. Acad. 801. Pam,’ voL 06, p. 1072 (1806). 

p 2 
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for the energy contains a term involving the cube of the displacement, the 
mean position changes as the energy increases, and thermal expansion occurs 
A formal expression for the thermal expansion has been denved by Bom* 
from the lattice theory, the expansion along any axis t is given by 



where are the elastic moduh of the crystal, and involves its Debye 
and optical frequencies It is apparent that large elastic moduli (and therefore 
large compressibihties) are associated with large thermal expansion The 
elastic moduh and the characteristic frequencies can themselves be denved by 
Born’s theory from a knowledge of the laws of force in the crystal Actually 
the calculation has only been corned out for isotropic substances, in particular 
for the rock-salt type It is clear from the above that close relations 
exist between the thermal expansion and the specific heat and the mdtmg 
pomt, which also depend on the characteristic frequencies of the crystal 
But here agam the theory has only been worked out m detail for 
isotropic substances In particular, Gruneisen’s law has been derived 
theoretically by Born for crystals of the rock-salt type, but not for amsotropic 
crystals. Neither the elastic moduh nor the characteristic frequencies of the 
crystals dealt with m this paper are known 
Though no exact calculation of the thermal expansion of anisotropic crystals 
has been made, it is possible to form some quahtative idea of the expansion to 
be expected m a given structure. It is probably legitimate to assume that weak 
cohesive forces m the lattice will be associated with large thermal expansion. 
Thus in calcium hydroxide a single Ga(OH), layer is held together by strong 
electrostatic forces, whereas two layers are only held by weak van der Waals 
forces; correspondmg to this, a marked anisotropy is to be expected, the 
expansion coefficient perpendicular to the layers bemg greater than that m 
the layers. The same cousidetations apply to brucitc Smee hydrargilhte 
probably has a very similar layer stnioture, it is not surprising that the two 
expansions m the layer, those normal to (010) and (100) respectively, are not 
greatly difierent from those of the other hydroxides. But m this mineral the 
greatest expansion coefficient occurs in a direction inclined at about 46° to the 
normal to the layer, which seems to suggest that here expansion occurs 
by the shppmg of one layer relative to the next. A more detailed ezplanataon 


* “ Atomtbeorie das I^eaten Zustandes ’’ (1923). 
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cannot be given lall the structure of the hydrargilhte has been determined 
It 18 interesting to compare the expansion of these layer hydroxides with that 
of the oxides of the same elements, corundum AljOg, penclase MgO, and spmel 
AlgMgOg (The expansion of CaO has not been measured ) The structure 
of each of these substances is a three-dimensional network m which all the 
bonds are ionic, the two latter substances are cubic, while corundum is 
rhombohedral From Table IV it is apparent that their expansion coefficients 
are all of the same order as those in a layer of the hydroxides; and for the 
uniaxial corundum the anisotropy is very much less than that which exists m 
the hydroxides 

Table IV.—Expansion coefficients of substaiuM's related to those investigated. 


Curundtim— 


FsnUel to azia j 

() 82 X 10-‘ 

Perpendioolar to axu j 

0 M 

Penolaaa 

1 043 

Spnel 

0 6B3 

Cnatobalite 

j 0 07 


The coefficient of expansion of phlogopite perpendicular to its cleavage 
plane is considerably smaller than those of brucite and calcium hydroxide. 
No measurements have been made of its expansion m other directions, as 
it 18 monoclmic, the same effect may oiscur as m hydrargilhte, the expansion 
being greater in some direction mclinwl to the normal to the cleavage plane 
But considenng only the direction normal to the plane, it is possible to see 
that the expansion is consistent with Pauhng’s (loc ett) suggested structure. 
He supposes that a “ umaxial ” mica like phlogopite is built up of a brucite 
layer between two layers of silica tetrahedra such as occur m cnstobalite, the 
composite layer being held together by sheets of potassium ions. The hnear 
expansion coefficient of cristobalite is quoted m Table IV. (Smee enstobahte 
is cubic, it is one-third of the volume expansion coefficient, given m the Inter¬ 
national Cntical Tables) It is apparent that the coefficient of expansion of 
phlogopite IS mtermediate between those of brucite and enstobahte, which is 
in accordance with the proposed structure. 

I wish to express my thanks to Mr J D Bernal for suggostmg this mvestiga- 
tion, and for his advice and criticism throughout the work; and to Dr. W. A. 
Wooster for his helpful mterest. I am also mdebted to Girton College for the 
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Yarrow Studentahip which made the work possible, and to the Department of 
Scientific and Industrial Research for a grant 1 wish also to acknowledge 
a grant from the Royal Society for apparatus. 


Sittmnary 

The thermal expansions of certain crystals have been measured from the 
change m their lattice spacmgs as detemuned by X-rays To measure the 
spacmgs with sufficient accuracy, reflections at a glancing angle of nearly a 
nght angle have been used, where the dispersion is high The crystals investi¬ 
gated all possess layer structures Complete determinations have been made 
of the thermal expansions of brucite Mg(OH)j, calcium hydroxide Ca(OH),, 
and hydrargillite Al(0H)j, the last-mentioned bemg monoclmic, and the 
expansion of a mica (phlogopite) perpendicular to its cleavage plane has also 
been measured. The hydroxides are found to show marked anisotropy, the 
expansion coefficient perpendicular to the layer bemg greater than those in the 
layer. The determinations so far have been made over the range from 0“ to 
100° C., it is hoped later to work down to liquid air temperatures The 
values obtomed for the coeffioiente of expansion are discussed, and compared 
with those of related substances. 
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The Internal Conversion of -x-Rays.—ll. 

By H M Taylor, B A, Clare I'ollcge, Cambridge, and N. F. Mott, M A, 
Gonville and Cams College, Cambndge 

(Communicated by P A M Dirac, P R 8 —Received May 6, 1933 ) 

§ 1 Introduction —^The Internal Conversion (jocfficient of y-rays has recently 
been calculated by Hulmef and by Taylor and Mott J The assumptions on 
which both of these calculations rest may be analysed as follows 

I —A nucleus, originally m an excib'd state of energy W„, radiates, corre¬ 
sponding to the transition to each lower state of energy W„, an electromagnetic 
field which may bo either that of a dipole or that of a qiiadnpole For 
a dipole such a field has scalar and vector potentials given by 

Ao = -f and A = + M*, 

where 

-.<^0 = «'«'■ cos 0 (1 + tjqr) 

= ,S/, ^ 0, L (1.1) 

B IS here an (unknown) constant, the astensks indicate that complex con¬ 
jugate values are to be taken , and 

g = 27tv/c and v = (W,-WJ/A 

II.—^The probability per time di [— bdl) that an electron is ejected from the 
K shell may be calculated by the ordinary methods used in the photoeleotno 
effect. It follows that§ 

6 = ^ 11 {- z6do - tpi i^o)} ijio dT I *, (1.2) 

where iJiq is the imtial wave function of the K electron, and ij;/ is the wave 
function of its final free state || 

t ‘ Proo Roy. 8oo.,’ A, vol 138, p. 648 (1932), referred to as H II. 
t ‘ Proo. Roy. Soo.,’ A, voL 138. p 966 (1932). referred to as T M. 

{ Cf. Uulme, ‘ Proo. Roy. Soo.,’ A. voL 183, p 381, et atq (1931), referred to os H1. 

II Sm a note m { 2 as to the normaluation of the wave fonotioii iji/. Throughout this 
paper —t is used for the ohaige on the eleotron. If there are several possible final sUtes 
for the eleotnai, (1.2) is, of course, summed lot all such states. 



216 


H. M. Taylor and N. F. Mott. 

III.—The piobabihty per time dt {=pdt) that the nucleus shall make tiie 
tnuisition W„ -► W„„ either a Y'^UAntum or an extra-nuclear electron being 
ejected firom the atom, is the same as U tpould be xftheK electron teere not pretent. 
Thus p may be calculated by evaluatmg the rate at which energy is radiated 
by the field (1.1) and dividing by hv This gives 

p = 16jc*B* v/3Ac (1 3) 

The internal conversion coefficient was then defined as the ratio 
a = bip, 

from which the unknown constant B disappears The probabihty gdt per 
tune dt that a y-quantum is emitted is clearly 
(p — b)dl 

The number 

6/(p-6)-a/(l-«) 

is the quantity which is measured exj[)enmentally,t namely, the ratio of the 
^-particles to y-quanta for a given y-my firequency 
We have been led to re-examme these assumptions, owing to the disturbmg 
fact that it IS possible to construct a model nucleus, of smaller atomic number 
Z and larger nuclear radius fg than that of the actual radioactive nuclei, for 
which the value of a calculated m this way is greater than unity 
We find that the assumptions £ and II are correct, but that 111 is valid 
only if «1. Thus our previous calculations are correct for hard Y-rays but 
require modification for soft y-taya The assumption III is not correct, 
because the K electron perturbs the nucleus, and so the total probabihty, 
pdt, that m the time dt the nucleus will fall to the ground state, is greater 
than it would be if the K electron were not there. Thus the ejection of a 
^-particle is to be thought of partly as due to absorption of a y-vay and partly 
to direct mteraction between the nucleus and the electron It u, however, 
impossible to separate the two effects, and the total probability of electron 
emission due to both causes is correctly given by (1 2). This pomt has already 
been discussed (T M, § 3), and is further considered below. 

The quantity (1.3) is, therefore, not the correct expression for p. In this 
paper we calculate g by considering the rate of y-radiation from the complete 
system consisting of the nucleus coupled to the two K electrons, by methods 
which are discussed below. 

t<y. Rutherford, Chadwick and Ellu. "Radiatiotu from Rodioaotive Subetuioea,” 
p. SIS. 
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We find that the prcbabthty of y-radiation (g, not, as m III above, p) is always 
very nearly the same as it would be if the K electron were not there, and thus 
nearly equal to (1.3), being loss only by a term of order of magnitude gtt*/hc. 
Thus m cases where b/g t^jhc the electron ejection may be considered to be 
nearly all due to direct interaction. Thus the quantity calculated in T M, 
fig 1, 18 really b/g , the experimental points a = b/{g — b) should be changed 
to b/g = a/(l — a), and thus raised soinewliat The agreement with experi¬ 
ment IB shghtly less good than before 
The term “ internal conversion coefficient ” thus loses its meaning The 
theory gives directly the quantity which is measured, namely b/g. 

§ 2. General Theory —We first show that (1 2) does give the correct value for 
the probabihty of p-ray emission by the complete system f For the sake of 
argument we consider the y-rays to be emitted by an excited particle ot charge 
T) in the nucleus We assign to this particle wave functions T,, (R) and Tq (R) 
in its excit«l and normal states We suppose the K electron to be m its 
normal state with wave function ({i, (r). Then a transition analogous to the 
Auger effect is possible, whereby the electron is ejected and the nucleus returns 
to its normal state | Accordmg to »on-rekUtmtt%c quantum mechanics we 
can calculate the probability bdt per tune dt of the transition between these 
two states of equal energy, it is given by the familiar formula 

6* = ^ i (R) (r) (R) lo (*•) dR dr | * (2 1) 

This formula is the result of a first order perturbation calculation The 
general criterion for the vahiiity of such a calculation is that 6t < 1, t being 
a time of the order of 1/v, where v is the frequency of the y-ray which would 
be emitted if the nucleus alone made the transition T, -> If this condition 
were not satisfied it would be impossible to define the mitial state of the system, 
and therefore we conclude that in our case there is no question as to the 
sufficiency of the perturbation method 

K m (2 1) we perform the integration over the co-ordmate R, we obtam 

6 = ^|J^*,(r)Vo,(r)<l;o(r)dr|‘ (2 2) 

t This point has been duouwed in lew detail m our earlier paper (T M), § 3. 
t This was fint loggeeted by Soudcal. ‘ Z. Phyeik,’ vol. 10, p. 276 (1922). 
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where, if we assume the nuclear transition n ->■ 0 to be a dipole transition, it 
may easily be shown that 

Vo« = Cr-»co8 0, C = o)j«y*o(R)'P»(R)rf«, (2 3) 

or for a quadripole transition 

Vo. -cv-»p,(co8e). 

The result (2 3) is, of course, valid only when r is greater than the “ radius of 
the nucleus,” t c , r > 10~” cm, say Now Mellcrf has recently shown how 
to treat the interaction of two particles by a relativistic perturbation theory, 
according to which (1.2) is just the relativistic generalization of (2 2), to which 
it clearly tends as c -»■ « According to Mailer’s theorem, we must replace 
Vo. (r) in (2 2) by the perturbation due to the electromagnetic field radiated 
by the charge density 

TjT*. (R) To (R) + complex conjugate 

If w+O 18 a dipole transition, this held is simply (1 1) with C = — eB/j. 
The expression (1 2) thus gives correctly the probability per umt time that an 
electron is ejected, whether this is considered to be due to " direct interaction ” 



Fm. 1—Scalar potential of dipole, rA, = 2B {cos (jr— «><) —(gr)-* tin (jr — tM)}. 
Full line, titin, dotted line, col c- 0. 

(Auger effect) or to ” absorption of a y-ray.” On the relativistic theory the 
distinction between these two processes loses its meaning, and one cannot 
separate the two effects In fig 1 we show the variation of the radial part 
of fAo (cf. (1.1)), with f, and we see that, for r > the important part of A® 


t ‘ Ann. Physik,' vol. 14, p. 031 (1932). 
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IB the tenn in r~^ coe 6, while for f < the important part of A, has 
the form r"* cos 0. Thus we may say roughly that in tiie mtegral m (1.2), 
the part for r <; j X corresponds to direct interaction, and the part for r > 
to photoeicctnc absorption. It is, however, important to notice, as was 
emphasised in TM, § 3, that it is the probability amplitudes for these two terms 
which we add, not the probabilities themselves This is quite clear £rom the 
formula (1 2). 

From those considerations it appears incorrect to obtam the number of 
y-rays emitted m time dl by snbtractmg the number of electrons from the 
number of quanta which would have been emitted had the K electron not been 
present The correct proiicdure is to calculate the rate of radiation from the 
system 

(nucleus + K electron) 

as a whole. Now if a system of two particles, whose charges are >) and — c 
and whoso co-ordinates are R and r, jumps from a state 

<I), {K,r)cxp(-2mW^H/h) 

to a state <I>/(R, r)exp(—2TOW///h), the radiatmg charge density corte- 
spondmg to the transitionf is given by 


/ 

I 




1 






“t- complex conjugate, (2.4) 


where Av = — W,.^, denoting the energy of the total system 

We have now to determine the form of the wave ftinctions O* and Oy. To 
the approximation of zero order m the interaction between nucleus and K 
electron, our imtial system is an excited particle m the nucleus, described by 
the wave function (R) exp (— 2TnVfJt/h). together with an electron in the 
K state, described by the wave function ij/o (r) exp (— 2TctEo«/A); the total 
system, therefore, is described by the wave function 


(R) i|i„(r) exp {- 2m (W, + Eo) t/h] (2 6) 

In the first order approximation we take mto account the mteiaction V between 
the nuclear particle and the electron. The system therefore no longer stays 
in the state (2 5). We suppose for simphcity that there is only one other 
nuclear state available, of energy Wo «W*), and then, if we suppose the 


t Of, Klein, • Z. Phyeik,’ voU 41, p. 407 (1927). 
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interaction V “ switched on ” at time t = 0, the state of the total system at 
tune t can be expressed in the form 

«o(«) '*'’«(») Mr) exp {- 27rt (W. f E„) t/A} 

+ TJR) /.(r, 0 exp {- 2xiW^/A}, (2.6) 

where x (r, t) represents a wave diverging ficom the atom, correspondmg to the 
ejected K electrons. To find x we expand it in the form 

X = ^ S (0 'J'jh. {*■) «P { - 27«E//*} 

In 

+ sj* r) exp (-2mE//A) dE, (2 7) 

where denotes a normalized wave function of the discrete spectmm, 
({«(E, k, u , r) a normahzedf wave function of the continuous spectrum, and 
k and u are the angular quantum numbers as defined by Darwm.]; At tune 
< = 0 all the coeflicients a are zero except a^, which has the value unity. Bethe§ 
has shown that the wave function (2.7), calculated by the method of venation 
of parameters, represents an outgomg wave only, the terms of the type 
«cp (— Hmmvrjh — 2ntEt/h) vanishing, and further that if v is the velocity 
with which the photoelectrons are ejected, (2.7) becomes very small for 
f> vt. The coefficient Oo(0 is such that |ao(0|* == i we consider only t 
such that p( 1, so that OglO may be replaced by umty. 

We return later to the discussion of the values of the coefficients a 

t The nonnaluatiOB of the aontmuoiu.eserg 3 r wave funotions calls for some comment. 
In H I, HII, and T M, the wave fonotions were normalised, fdlowmg Gaunt (‘ Phil. 
Trans.,'A, Tol. 220, p 163 (1030)) per tmtl/regwem^ That u to say 

!<!;• (K')(E) dr =. 8 (V - v'), K - Av, 
whence it foUows that (with oertam reetnctioiiB on /} 

II r (K')/(E) +(«) dxdE/k =/(E'). 

In this paper we adopt the pnnciple of normalisation per vnW energy range Thus m oar 
case 

11 r (K') + (E)/ (K) dr dB - 18 (E - E)/(E) dE .= / (E') 

Our normalising factor C (E, A, w) is therefore k-i times the normalising factor of th—e 
other piqieis. This aooounta ioa the ooeffioient 4ic*/A in our equation (1.2) as compared 
with the coefficient 4^Jk* in T M (2.i) or H H (3). 

X ‘ Ptoo. Boy SooA, vol. 118, p. 667 (1928), (/. our equations (3.4 a) and (3.4a). 
f ‘ Ann. Physik,’ vol. 4, p. 446 (1030). 
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We note that the initial state of the system is not a stationary state, though it 
IS a state of almost definite total energy. It m a state similar to the quasi- 
stationary nuclear states that, in the Gainow-Condon-Gumey theory, describe 
an a-particlc’s escape from a radioactive nucleus. 

The final state to which the system can jump, with emission of a quantum 
of y-rodiation, is clearly the state in which both electron and nuclear particle 
are in their lowest energy levels, t e., the state 

<t>, (R, r) e-i-rf(w.+h.)c/* ^-iHiw.+K.x/* (2 8) 

To obtain the radiatmg charge density for the transition of the whole system 
from the mitial state, with energy Wq [- -f- Av, to the state with energy 

Wq -f- Eq, we substitute m (2 4), putting equal to (2 6), and O, equal to 
(2 ft) We thus obtam, for the radiating charge di-nsity 

/) - s ->*0 (*•) X (r. 0 (2 9) 

The first term in (2.9) is just the radiatmg charge density correspondmg to the 
nuclear transition, and the electromagnetic field radiated is sunply the dipole 

field (I l)with which we start, with B =^Y)g | sT, (h We shall now calcu¬ 
late the field radiated by the second term m (2 9), and shall show that this 
field, interfermg with (1.1), produces a small diminution in the intensity of the 
outgoing y-ray wave , but that this dmunution is rwt the same as that obtamed 
by subtractmg the number, 6, of ^-particles given by (12) However, when 
a sinnlar calculation IS earned out (§ 3), taking for the perturbing field that of 
a light wave coming from outside the atom, it is found that the dimmution m 
intensity is equal to the number of ^-particles Tins is what we should expect, 
because there is here no possibihty of direct ” interaction between the atom 
and the source of the light waves 

We must now evaluate the coefficients a m (2 7) by the method of the 
variation of parameters. In order to do this we need to know the mteraction 
V, and according to Mailer’s theory that is to be obtained eis follows We 
write down the electromagnetic potentials Aq and A which the nuclear particle 
would radiate in making the jump '> ^ ^ given by 

V = -c{Ao-|-pi(oA)}/o. (2.10) 

If, for example, the nuclear particle has made a dipole jump, then the quantities 
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which occur la (2 10) are juat the potentials of (11), with h\ = W, — Wj 
If then wo write 

V = (2 11) 

wo at once obtainf from (2 7), by the usual method of variation of parametere 


ao(0 - 1 

»(E, (,». = 

+ (2 12 ) 

With smulai equations for (1). The coefficients are given by 
r_ (E, A, w) = c I k, u, r) t'i{(o(r) dx 


V , (E, k, «) = c j i{i*(E, k, u, r) v* i{i„ (r) dr 


(213) 


Thus the wave function x(r, <) in (2 7) becomes—omitting the summation over 
the quantized states}— 

- J t>. (E) i^E. r) 

Bethe (loc ca ) lias shown that at points outside the atom (r, I large) nearly 
all this integral comes from the neighbourhood of E = + Av, correspondmg 

to the fact that electrons are only ejected with this energy. For (large but r 
small (t e , within the atom) this however is not so, here x “'*7 spl** “P 
into two terms , we may write 

/.(r,0=XA(''.0 + XB(*-.<)> 

where 

XA(r,<) = fu(E) ,|,(E, r)*ga.T.dE 1 

J E — Ep — Av 

and L. (2 15) 

0 = f i-(E) i|i(E; r) l-c*” Av)</A } 

J E — Ep — Av J 


f 6/. H I, p. 889. There is a misprint in his equation. the exponential in the second 
matrix element should be exp {— 2mvpz/e} 

$ The qoantam numbers A a are here omitted from v, iji. A sammation over all A, a 
is to be undaretood. The term mvolring is small for large r, and is omitted. 
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The mt^rand m Xa *>*8 a strong maximum for E = Eq + Av ; as vt -♦ « it 
tends to 

+ + r) (2 16) 

In Xb> 0° other hand, one may neglect the cosine as vt « and wnte 

(2.17) 

where the integration over the infinite point is to lie < amed out by means of 
the conventionf 



We now consider the oscillating charge density (2 9). The second term is 
+ (2.18) 

and using the asymptotic forms (216), (2 17) the two terms m (2 18) ate 

(A) e (r) <Ji (E„ d Av. r) m e (E„ + Av) 

(B) 

The electromagnetic wave radiateil by (B) is the ordinary “ scattered ” wave 
given by the Kramers-Heisenbcrg dispersion theory { We emphasize here 
that the phase of this wave must, if the formula is to be physically significant, 
be such that the pAose of the original y-ray wave at infinity is altered, but not 
its mtensity The term (B) will thus represent the “ refracting effect ” of the 
K ring on the outgoing y-ray. This term, therefore, contributes nothmg to 
the dinunution of mtensity of the original y-ray (1 1). 

It IS the terra A in (2.19) which radiates a wave which mterferes with the 
original y-ray, and produces a diminution of intensity We believe that this 
18 the correct mterpretation of this term, because of the following facts m the 
classical theory. If a charged particle, bound so that it can vibrate with 
natural frequency Vq, is acted on by a light wave of frequency v, it will execute 
forced oscillations with amphtude proportional to 

l/(v„*-v«) 

t Of. Kramers, ‘ Atti. Cong. Int. Fis.,’ (1927). 

X Of. Waller,' Z. Physik,’ vol. 68, p. 76 (1929). 
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The -wave radiated by the particle is the scattered hght in the classical dis¬ 
persion theory No energy is absorbed by the particle; it follows that 
the phase of the scattered wave must be such that the total energy (flux of 
Foyntmg’s vector) crossmg a sphere surrounding the atom is zero {cf. § 3). If, 
however, v = Vq the amphtude increases indefinitely with the tune, and then, 
on the classical theory, the hght radiated by the oscillating particle, inter¬ 
fering with the original wave, must result m a wave of decreased mtensity— 
since in classical electrodynamics the conservation of energy is valid, and the 
increasmg energy of the oscillatmg particle must come from the light wave. 
Thus the energy flowmg into a large sphere is more than that flowmg out f 
We are thus led to suspect that the wave radiated by the term A, which comes 
from the neighbourhood of the resonance spot m the Kramers-Hcisenberg 
dispersion formula, must be capable of mteifermg with the original wave and 
producing a diminution of intensity. 

Writing out the term (A) in full, we obtam from (2 10), (2 11) and (2 13) 

= - wic* 4-% («•) £ 'KEo + Av. i, «, r) 

j 4* (Eo -I Av, k,u, r) {,Wo + Pi (o.V)} 4o (>•) dr (2.20) 

We have to calculate the field radiated by this charge density, the scalar 
potential, for instance, is 

Ao' = e"*'*'* I jY ‘ Pofi (<■') + complex conjugate (2 21) 

We note that is proportional to B (1 1) The scalar potential for the wave 
radiated by the whole system is 

A„ + Ag\ 

where Aq is given by (11). The vector potential may be calculated in a 
similar way, and y deduced We note that is proportional to | B |', as is 

t Thw u not difficult to prove dueotly by the method of 13. We note that if v pt 
the aaoihating particle u in phase with Uie light wave, ».e., if the light wave is E sin Sicvt, 
the displacement of the particle at time f is proportional to 

(V — V*)-* Es sin 27nt. (a) 

whereas, if v = v„ it u proporttonal to 

Ec(co8 2nW. (b) 

As may easily be seen by the method of |S, the difleienoe of phase of is responsible for 
the faot that the wave radiated by (a) does not change the total flu of energy, whereas 
that by (h) doss. 
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also 6. ThuB this unknown constant B docs not occur in the ratio b. g. The 
detailed calculations are carried out in § 4 

§ 3. External Photodectric Effect. —The methorls of the last section may bo 
apphed to the ordinary photoelectnc effect. The electromagnetic field radiated 
by the electrons in jumping from bound to free states, »,e., by the term (2 17), 
interferes with the original beam, and in this case one would expect the number 
of light quanta removed from the beam to be equal to the number of photo- 
electrons ejected The analysis given below shows that this is so, if we neglect 
terms of the order (**/hc)*. This is justifiable, firstly, because a relativistic 
quantum meohames on the lines of Meller’s theory is accurate only to this order, 
and secondly, because the Compton absorption will be of order (e*/Ac)*, and 
has not been allowed for 

We consider a beam of light travelling m the positive z-direction and with 
the magnetic vector in the xOz plane For the field perturbmg the electrons 
we may therefore write 


.<^0 = ^ 0 - 


(3 1) 


Wo represent the ej'ected electrons as before by the wave function 

xCr.O. 

and the radiatii^ charge and current densities of the typo (2 19 A) due to the 
transitions are therefore, from (2 20), given by 

p (r) = — mde ***‘‘ (r) t|;„ (r) MB T _j_ conjugate .jj 

J (r) = + me* e"*'" ‘ (r) pjai};, (r) ME J complex. 


where for simplicity we have assumed that there is only one possible final 
free state n, and have therefore dropped the summation of (2 20) and where 


with 


M = |e«'J,(r)dT 
J (r) = WpiOiJ/oW. 


(3.3) 


The radiated vector potential is given by 


(r) = J — r 7I* =* *> y> ®> (3*^) 

which, for large values of r may be written 

(r) ~ r“* (n) E, 

Q 


VOL. OXUL--a. 
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where n = r/r 

(n) = 7ne»M J J\ (r^) d^i (3.6) 

This wave has now to interfere with the incident wave (3 1), and in order to 
calculate the rate of radiation of energy by the combined wave we may proceed 
as follows Wo calculate the magnetic vector H and write down the energy 
pet umt volume (E* + H*)/8rt = H*y4it We subtract from this the energy 
per nmt volume in the incident wave and then calculate the amount of this 
energy difference enclosed between two large spheres of tadu r and r + A' 
(where Ar> X) If WAr be the energy so obtained, then the number of 
quanta absorbed per umt time is Wc/Av, 

If now we reject terms of order M*, the only term in H,® + H,® + H, 
which differs from the original value is H,®. We have 

H. = - ^ {!/. (n) - |f/. (")} ] 

+ conjugate complex. (3 6) 


If now we wnte H, = oe'®'**’* -f- o^e®^’*, then the time-average value H,® 
is 2aa*. Thus the average value of H,®, less the original average value if 
given by 

^ ~ {*'/, (n) - ^ (n)| J 4 - conjugate complex (3 7) 

This we now mtegrate over the space between the spheres of radii r and r + Ar. 
Now, Mve have for large r 

e-w*= £ (2n + 1) (- ♦)* P, (cos 6) ~ , (3 8) 

s -0 gr 

and therefore, since Ar ^ X, we obtain 

Ar 

J, m —2tq 

But if F (0, ^) IS any function of position on a sphere, 

S |j (2n + 1) P, (cos 6) F (0, 4 ,) an Q dd d<f, = in F,_ „ (3.9) 

and therefore, carrymg out the 6 and 4 integrations, we obtam from (3.7) 
fru: the energy deficit between the two spheres 

— WAr = 2g®E®"^it-^^ Ar conjugate complex, 

where iig denotes umt vector along the z-axis. 



Now (no) = 
per unit tune ia 
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7ns*lllM* from (3 5). Thus the number of quanta absorbed 
gi7cE^e*MM*/Av + conjugate complex, 

4tc»EM|M|VA. 


which, by (1.2) is just the number of electrons ejected. 

The term (B) in (2 20), as already stated, is the charge density to which 
IS due the Eramers-Heisenberg scattered wave It is easy to see that the wave 
radiated by (B) differs m phase by 7t/2 from the wave radiated by (A), and hence 
that, to the first order in the quantity c*|M|*/A£e*/Ac, the change m the 
energy between the splicres of radu r, r + Ar is zero 

We see that the proof of this section depends on the fact that for the external 
photoelectric effect the same matrix elements occur m the probsbihty for the 
ejection of an electron as those that occur m the probabihty of spontaneous 
emission of radiation When the atom is perturbed by a field diverging 
firom the centre, however, quite different matrix elements occur 
§ 4 In this section we calculate the electromagnetic field given by equation 
(2 21), which interferes vnth the original y-iay wave The integral m (2.20), 
givmg the probabihty that an electron makes a transition to the free state 
4/ (Eg + Av, r), has already been calculated m TM. We have thus only to 
calculate the electromagnetic field radiated m a transition from the firee state 
to the bound state m the K ring 

Of the two possible bound states for the electron, corresponding to its spm 
bemg directed along the positive or negative z-axis, wo take for the present 
the first only, and discuss later the question of an arbitrary orientation of the 
spm. Thus wo take the four components of the imtial wave function to 


be 


where 


(Wi = - l/’coa 0 


(W4 = 0 


(4 1) 


f = 


1 + (1-Y*)* 


5(E„)r<'6-''^ 




^ (Eg) bemg the normalizing factor, y being 2nc*Z/Ae, ^ being (1 — y*)* — 1, 
and Ug being the radius of the first Bohr orbit for a hydrogen-like atom of 
nuclear charge Zt. 

Let 118 now confine ourselves to the case of the quadripole nndear field 
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discussed in T M; the results for a dipole are similar. The field of a quadri¬ 
pole with axis along Oz has scalar and vector potentials 


Ao = .C^o + I 
A = + J 

where 

Mo = Cf-i e‘ |2P, (cos 6) [ 1 -f ^ -j- 1J' 

64, = .C/, = 0 
M, = 3Cr-> 

with g = 2tsv/c It is shown (TM, § 2) that under the influence of this field 
an electron imtially in the K state (4 1) may make transitions only to one or 
other of the final states, whose wave functions have components given by 
putting Jb = 2 and u ~ 0 m the equations 


(4.2) 

(4.3) 


(U = -*F»P5+i. (+,),= -»F.PJ|i}, -1 

(+/)3 = (fc + «+l)G*P,“. (+/)4 = (-i + «)Q*PS+SJ 

and 

(Wi = -*(i + «)F-»-iITf-i (-}-,),= -»(-A:+ «-hl)F_».xP?l} | 
(4^,),= G_*_,PJ (4»,)4= 0-*-iPr^'J 

(4.4b) 


where and 0^ are solutions of 


fA« + ^')F,-f^--G* = 0 

\ f' dr r 

(b*- I'l G* + F» = 0 

' r/ dr r 

A* = 27r(fMO* + E)/Ac, B* = 27t(»ic> - E)/Ac, 


(4 6) 


and Pj* is the associated Legendre function defined by 


The energy E of the electron is, of couiec, the same for both of these states, 
being given m terms of the energy Eg of the ground state by £ = Eg + Av. 
Our problem is therefore to evaluate the electromagnetic potentials radiated 
by an electron mokmg either of the two possible transitions &om the states 
A, B Above to the ground state. 
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The radiatmg charge and current densities corresponding to the transition 
of the electron with charge — c between two states tj'i and having an energy 
difEerence Av = E, — E, are given by 

p (r) = — e (r) <{», (r) e"*-**" + complex conjugate t 

j (r) = + t (r) a tj// (r) e”*'*”* 4- complex conjugate J ’ 


where the suffixes », / refer to the initial and final states respectively, and 
where the components of the vector a are the Dirac current matrices Thus 
the quantities and definmg the scalar and vector potentials radiated 
by the transition arc given by 

.^=^0 (r) = - e e-‘-‘ f V (ri) h (fi) dr, ' 

r-r f’ 

(r) = + e e-<-‘ j («*i)« (^i) dr, 

where co = 27rv and q = ei/c. 

Now m order to calculate the rate of radiation of energy by the sjrstem we 
need to deterrame the field only for large values of r Thus in (7) we may put 




where n denotes umt vector m the duectaon r, »e,, n = r/r. To evaluate 
the potentials (4.7) we make use of the following lemma {cf equation (3.8)). 
If r and are the position vectors of two points whose polar co-ordinates are 
(f, 0, 4 >) and (fj, 01 , ^i) and if/(ri) is any function of position which may be 
expanded m a series of sphencal harmomes 

/(ri)=i:S^»(Oi,^i)A«(ri), (4.8) 

n,m 

tiien 

je-*«C'.)/(ri)dTi 

J, (-O-S,.„(0, j/.M«(ri) J.+,/,(2ri)ri>/«dri, (49) 

where the integration is taken throughout any sphere with Centre at the ongin. 

We now divide the discussion mto two cases, according as the eleotromo 
^rans^tion is ficom the state (4.1) to the state (4.4^) or (4.te). 
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Cate il.—Inserting the ezpbcit forms for 4'<> 4'/ a m (4.7) and using 
(4.8) and (4.9) we obtam 


(*•) = e* (cos 6) 

X {2P,i (cos 0) l(C, - iB,) cos ^ + i (C, + B,) sm 

- VDjPii (cos 0) cos 

.5<f,(r) = r-i «<<«'—« 

X {2P,i (cos 0)[(C, - sin ^ - t(C, + BO cos 

— (cos 0) sm 4) 

(r) = f«* {6 (C, - IB,) P,« (cos 0) + VBiPi® («» 0)} 

where 

A, = ‘ « f' (/F, + gQ,) J,/, iqr) r^Hr' 

B, =*■ 

C, = (^)'^.j%F,J,/,(3f)f^*df 

D, = (^re|‘/Qrlw(r)r*'*dr 


. (4.10) 


(4.11) 


Now there must obviously be a relationship between these four quantities A„ 
B„ C„ D„ smce A, and A satisfy the identity o div A + dk^jdt = 0. In 
order to obtam this relationship we return to the equations (4.5) which may be 
written m the more symmetrical form 


(a* + (rFJ + (»0.)' - (fGO = 0 ' 
(b« -1) (rGO + (rFO' + ^ (rF,) = 0 


(4.12) 


But / and g also satisfy these equations, with i = 0 and with 


A* = 271 (f»u^ + Fo)/^ 
and 

B» = 27r(»iic»-Eo)/Ao. 


Thus, eli min ati ng y between corrraponding pairs of the equations (4.12) and 
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the smular equatioDS for / and g, and noting that 27c(E — ^St^jhc = q, we 
obtain 

9{rF.)(ff) + (1/) W - {rgYm - (ff)(fG,) 

+ ;(«7)TO = 0 

- 9(rG»)(»!7) + (t»)(fF»)' - (r/)' (»G.) + ^ {rg) (rF.) 

_i(^)(,G,) = 0 

If we now multiply each of these equations by (qr) and mt^rate, 

the terms containing derivatives of O^, f and g can be eliminated by one 
partial mt^n^tion, and, using the recurrence formula) for the Bessel functions, 
wo obtain 

(2n + I) r(/F*+^»)J.+ ,/,(?r)r*/*ir 
Jo 

= /G* {(* — « — 1) J,+ s/I {qr) + (* + ») J«-i/i (V)) f** dr 

+ j* g^n {(* + « + 1) J,+ s/s {qr) + (A - n) J,_ j/, (jr)} r*/* dr 

Putting n = 2, I; = 2 m (2.14) we have the desired relationship, namely, 

6A,= -B, + 5C, + 4D,. (4.16) 

Usmg this result we may simplify the potentials (4.10), for if we write 

(r) = (r) — grad X (r) 

with 

x(f) == - {10 (C, - IBJ P,» (cos 6) + 2(C, - JBO - VDj. (4.17) 

then we obtain 

(r) = H, {2P,® (cos 0) + 1} r"! e‘ 

64\ (f) = »K^,i (cos 0) sin ^. 

(f) = - »K,P,i (cos 6) cos ^. r-i s* 

64\ (f) = 3H,Pi« (COB 6). f-» 
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H, = -2(A,-2D,) 
and 

K, = + 2(C, + B^. 

and of course these potentuila give rise to the same values of E and H as do 
the potentials (4 10). 

Case B —Starting from the wave functions (4.1) and (4.4b) we find that the 
potentials radiated by a transition to the state of type (B) are given by 

,Ci?o(r) =2A_3P,«»(cose) 

= -r-i 

X {JB _3 P,i (cos 6) cos ^ - Pji (cos 0) [(E_, + 1D_,) cos ^ 

+ »(E_j + D_,) sin 

(r) = - f-i « [- (4.20) 

X {iB_, P,» (cos 0) am ^-Pji (cos 0) [(E.j+iD.j) am ^ 

- ♦ (E_» + D_8) cos (f>]}, 

(r) *= - f-» {VB_, P,» (cos 0) 

+ 2(E_, + iD_,)Pi®(cosO)}.. 

where 

=(?r' £* 

B-, = e [J /G_,J ,,3 (gr) f>l> dr, 

D_, = . f• (gr) f>/* dr, 

E_3 = c JJ gF_A/. (?r) dr. 

The rdation between these four coefficients is obtained from (4.14) by putting 
n = 2 and A = — 3 ; it is 

6A_, * - 6B_, — D_, - 6E_,. (4.22) 

Thus we may transform (4.20) to the eqmvalent form 
(r) = H_, {2P,® (cos 0) + 1} r-i e^ 

(r) c= tK_, p,i (cos 0) sin ^. r-i 
(r) = _ ,K., P^i (cos 0) cos 
(r) =. 3H_, Pi* (ooB 0). r-* s'**"--", 
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where 

H_, = - J(2A_a + D_, + 6E_,) ^ 


and 

(4.24) 


K_s = — (D_3 + E_a) j 



Companng the potentials (4 18) and (4 23) with the field of a quadripole 
{4 3), we see that, on the relativistic theory, an electron making a jump between 
two states for which AA; = 2t does not radiate a simple quadripole field 
This pomt will bo discussed m more detail at the end of the section, but wo 
may notice hero that, in the non-relativistic limit where / and F* both tend to 
zero, the extra terms in and tend to zero and we are left with the 
field (4.3) of a simple quadripole. 

We have next to evaluate the coefficients and defined m equalaona 
(4 19) and (4.24). For this purpose we write the Bessel functions in the 
exponential form, e g , 

Jsrt (*) = i + 7 — conjugatej , 

which at once gives 

H, = 

? 

and r 

where 

n. = n {(/'■+(i + ^ - ^) - VO.(i + i)}* 

and 

+ +/G_,) (l +^)}^r dr. 

These integrals occur in the discussion of the probability that the electron 
will make a transition &om tke K state to a state of positive energy, and it 
has beoi shown m TM how they may be evaluated m terms of two quantities 

t A) is tbs rafflz of eqoationi (4.4a) and (4.4 b). It eomapinids in the nmi-ralativistlo 
theoiy to the quantum number I giving the orbital angular momentum of the eleotnn. 
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Pj and Qii defined by hypergeometnc seriee. It is there shown (cf. TM 
equations (2.12) to (2.25)) that 

and >. (4.27) 

wheref 2 , = + jSjQ* + + We have here inserted the 

normalizing factor Z (li^i u) for the state of positive energy 
In a similar fashion we may express K, and K_j in terms of the known 
quantities and Q, We have 

K,=^[A, + A.*] 1 

and k (4.28) 

K _3 = -^[A_, + A_ 9 *] 

where 

and 

A_, = + +^)^’^rdr 

These two mtegrals may be expressed m terms of the quantities already calcu¬ 
lated, P 9 and Qk. The relations are similar to those for Qj and fl.g. 

According to equations (2 20 ) and (2 21 ) we now obtam the radiation &om 
the total system by multiplying! (4.18) by — 2nt (— e) M, and (4.23) by 
— 2 nt (— c) M _3 and then addmg these two fields and tho original quadripole 
field, Mj and M_, here stand for the integral m (2.20). But it has been 
shownf (TM, equations (2 14) and (2 24)) that 

and S.. (4.30) 

t The eoelBoiento ... are defined in TM (2.16), (2 18) and (2.26). The 
quantities 89 , T*. U 3 are detennined from the known quantities F 9 and by the 
reountnoe relations TH (2.20) and (2.21). 

} The extra 2 in these factors is for the two electrons. 

i Oar 0 is the - 0 of TM (</. TM (2.1) and onr (4.8)). We have again inserted the 
natmaliziiig factor for the free state omitted in TM (2.14) and (2.24.) 
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We thtu obtain the field radiated by the total system m the form 
^0 (r) = C {1 + X, + X_,} {2P,® (cos 0) + 1} f-i 
(r) = - C (coe 0) + >]_, Pi» (cos 0)} sm <t >. 

(*■) = ® ®) + ’l-a ^ 1 * (®®® ®} ^ gUtr-mt) 

(r) = 3C {1 + X, 4- J Pj® (cos 6) fi 

where 

24Trf 2,r,^(E„)5(E.2.0) y A«4-|B|« ^ , , 

• 6? \ p + 2 / 2AjB| ' • ^ 

and V,(4.32) 

With similar expressions for i], and 
The rate of radiation of energy by the field (4 31) is 

6o 

where 

J = 11 + X,4- X_,|* + YM + ih-sl*. (4.33) 



and thus the number, y, of y-quanta emitted per second by the total system 
is given by 


6 




(4.34) 


The numencal evaluation of J shows that it does not differ from umty by 
more than a few per cent, in the experimental range of v, the quantities 
X,, 7],, etc., being of the order e*/Ac 

We have still to discuss the question of the other possible imtial state for the 
electron, given by 

(<J(,)i = i/sm 0e-** (<];,), = - t/cos 0, T 

(W, = 0 (W4=-i^. J 

We may notice at once that, according to the exclusion principle, if one of the 
K electrons is m the state (4.1) then the other must be in the state (4 36) and 
BO our multiplication of the radiated wave by the fiutor 2 in (4.30) is justifiable 
only if transitions to either of these states from the free state gives nse to the 
same radiation. That this is the case is readily verified. The only possible 
final free states for electrons imtially m the state (3.36) an given by (4 4 a) 
and (4.4 b) with X; = 2 and u >= — 1, and the matrix elements M, and M., 
corresponding to these transitions are identical with those of (4.30) as are also 
the potentials corresponding to (4.18) and (4.23). 
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That an electron initially in a state formed by superposmg states (4.1) and 
(4.36) with arbitrary phase factors also gives rise to the same radiation on 
]umpmg to its possible free states may bo readily verified by a method 
analogous to that of equations (2.28) to (2.31) of TM, and therefore the total 
rate of enussion of y-quanta by the system consistmg of the nucleus coupled 
to the two K electrons is correctly given by (4 34) 

IfUerpreUaion of the terms tn the potentials (4 18) and (4 23) which do not 
arue as the radiation from a simple dectnc qvadnptde The potentials (4.16) 
and (4 23) differ from those of an oscillating quadripole (4 3) only by the extra 
tenns in and Now a small magnet of moment M placed at the 

origin of co-ordmates pomtmg along the positive z-axis has a vector potential 
whose components at any point {x, y, z) are given by 

^(y, -*.0), 

and comparing this with (4 23) we readily see that the additional terms in 
(4.23) arise as the radiation from an oscillatmg magnetic dipole Similarly 
t^ie additional terms in (4 18) arise as the radiation from a magnetic octopole. 

If we write down the potentials radiated by a relativistic electron making 
a jump between two states for which Ai = 1, i,e, a dipole jump, we find m 
a similar way that the potentials are those of an oscillating electno dipole 
plus the potentuds of an oscillating magnetic quadripole This is to bo expected 
from the picture of a relativistic electron as a pomt electric charge plus a small 
magnetic dipole. 

In conclusion, we should hke to express our thanks to Professor Dirac for 
his advice and encouragement during the prefiaration of this work. 

Summary. 

It is shown that, if a y-ray escapmg fimm a nucleus be represented by an 
electromagnetic wave, then the reduction of mtensity suffered by this wave in 
passing through the K ring is not equal to the number of electrons ejected, 
and IS m general small, even when the number of electrons ejected is comparable 
with the number of y-ray quanta emitted. It is shown that the quantity 
calculated by Hulme, and by Taylor and Mott in recent papers should be 
interpreted as being nearly equal to the ratio, b/g, of electrons to y-quanta 
which IS observed, not to the “ mtemal converrion coeflBcient ” 6/(p + 6), as 
there stated. The agreement with experiment in the radium B r^ion is 
riightly less good than before; for radium G the alteration is negligible. 
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The Thermal Expansion of Qmrtz by X-Ray Measurements. 

By A. H. Jay, M Sc , Beyer Fellow of the University of Manchester. 

(Communicated by W. L Bragg, F.R 8 —Received May 6, 1933 ) 

(Pl^ATB 3) 

The study of the coefficients of thermal expansion of substances has in the 
past, for the moat part, been confined to direct measurement by optical methods. 
At the present tune X-rays are bemg used for determuung the expansion of 
the atomic lattice as distmct from the specimen block A question has arisen 
as to the relation between the coefficient of expansion as measured visually 
and that measured by X-rays From theoretical considerations Zwicky* 
has predicted that the two are not identical. X-ray measurements on the 
thermal expansion of single crystals of bismuth by Goetz and Hergenrotherf 
have shown that there is a difference between the values obtained by the two 
methods of measurement On the other hand Y Tu} finds no evidence in 
his experiments on rock salt of the secondary structure described by Zwioky. 
The question to be answered is thus one of great importance The present 
paper gives evidence to show that for silver and quartz there is no difference 
between the coefficients of expansion as measured by X-rays and those from 
optical measurements 

Present Work 

The work desenbed m this paper was carried out to measure the thermal 
expansion of quartz by X-rays and by companng the results with those from 
optical measurements to test the validity of the assumption, mode in previous 
papers,§11 that the coefficient of thermal expansion of silver is the same wheUier 
measured by X-rays or optical methods 

Experimental 

The X-ray photographs were taken m a high temperature camera^ of the 
Debye-Soherrer type in which the specunen is heated by surrounding furnaces. 

* ‘ Froo. Nat. Acad. SoL Wash.,’ vol. 16, pp 263,810 (1920); ' HeL Phys. Aota.,’ vol. 8, 
p. 620 (1030). 

t ‘ Phys. Bov.,’ vol. 40, pp. 187, 643 (1982). 

t ‘ Phys. Rev.,’ vol 40, p. 662 (1932). 

$ Jay, oomnumioaied to the niysiosl Society. 

II Jay,' Z. Kiistallog.,’ vd. 86, p. 160 (1033). 

t Jay, loe. eU.. 
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Experimental oonditioiiB are such that the Ea doublets at high angles of 
reflection are well resolved and accurate measurement of Ime position is 
possible. 

The powder was obtained by finely grinding a clear colourless crystal of 
quarts.* This was mounted on a thin silica rod which was supported vertically 
along the axis of the camera. The powder was thus held in the path of the 
X-ray beam and rotated throughout the exposure. The specimen was heated 
by two small surrounding furnaces, arranged one above the pther with a small 
gap between for the X-rays to pass through. This arrangement has been 
shown to give a uniform temperature throughout the scattering mass. The 
energy input was measured by the product of the current (0 to 6 amps.) 
and the voltage drop (0 to 40 volts) across the furnaces The measunng 
instruments showed steady conditions throughout an exposure, vanations not 
exceeding 0-01 amps and O-l volts. The temperature of the specimen was 
deduced from the measured energy mput and the watts-temperature cahbration 
curve of the camera (see previous papers) and read ofl the curve with an error 
not exceeding 2° 0. Photographs were taken for a number of temperatures 
ranging from room temperature to 730° G The experiments were not earned 
out with any temperature sequence but in an order chosen to detect the 
possibility of a systematic change m the quartz after heat treatment The 
specimen powder was heated for about 20 mmutes to bring it to a steady 
temperature state before the exposure was made, fig 1, Plate 3 

Qmeral Thicuasion, 

From previous work on the powder photographs of quartz crystals the 
indices {hJd) of the reflections are known. The photographs taken at difierent 
temperatures show a progressive mward displacement of the high angle hnes 
with increasing temperature. Because of the unequal expansion of quartz 
in directions parallel and perpendicular to the prmcipal axis, the relative 
position of different hnes also depends on the temperature. Lmes which 
superimpose at one temperature become separated at another temperature. 
Uoreover, the mtensities of lines vary gradually with temperature owing to 
small structural changes which occur even below the transformation. It 
must be emphasized that only where lines are resolved mto a distinot E«,^ 
doublet can any high accuracy be claimed for the mdividual measurements, 

* Bradley and Jay. ‘ Ptoo. Phyi. Soo.,’ vol. 46. p. 607 (1083). It wae ihown that clear 
ooloorieai quarts otystob poHeeead unit cell dimenaioiis Identical to 1 part in 80J)00 at 
18° 0. 
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ftud this resolution of doublets was always obtained at high angles of reflection. 
In some measurements, however, two doublets overlapped and then they were 
used only to identify the reflection and to serve as a check on the axial ratio 

The specimen powder is m the form of a cylindrical shell around a thin 
fused sihca rod. Considering a particular reflection at a high angle on the 
film, at any instant during the exposure only that portion of the specimen 
opposite the Ime can contribute to the reflection, the rays from the rest of the 
shell bemg absorbed by the rod. This eflect is roughly eqmvalent to an 
eccentricity of the specimen To obtam accurate values of the lattice spacing 
the following procedure* was used. The evaluation of the lattice spacing 
was made by plotting the observed spaciugs for mdividual hues against the 
corresponding values of cos* 0 and extrapolating by a straight hne through 
them to cos* 0 = 0 

The accuracy of lattice spacing determinations depends on two mam factors 
—^the photograph and the method of measurement. Powder photographs of 
cr}rBtalhne substances obtained by using this type of camera have the 
hnes at high angles well resolved with a definite peak,! and with our methods 
of evaluatmg the lattice spacing it can be stated that the final accuracy is 
largely governed by the care taken in measunng the film. As previously 
stated experiments on clear colourless quartz crystals at room temperature 
18° C showed a variation m lattice dimensions of not more than 1 part in 
80,000, which can be regarded as the expcnmental error. In the present 
investigation this extreme accuracy is unlikely It might be claimed, however, 
from the consistency of the mdividual readmgs that the values of the o and d^oo 
spacings given in Table I, are subject to an error not greater than 1 in 30,000 
(0• 2 X.U.) and 1 in 40,000 (0• 1 X.U.) respectively The axial ratio is probably 
correct to 1 part in 20,000. 

Determination of LcMwe Spacetye. 

The determination of the lattice spacing for a cubic crystal, where there is 
only one unknown the a spacing, has been dealt with m a previous paper. { 
It was shown that for large angles of reflection the error da between the true 
and observed spacing is related to the true spacing a and the glancing angle 6 
by the expression 

^ = Kco8*0, (1a) 

• Biadlsy and Jay, ‘ Proo. Pliys 8oo.,’ voU 44, p. SOS (198S). 
t See photometer oorree of quarts, Bradley and Jay, foe. e»t, 

{ Bradley and Jay, foe. oil. 
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where K is a constant depending on the eccentricity and absorption of th6 
speounen The above equation maybe written 

a~a^ = da = aK cos* 6, 

where u the spacing calculated from the measured angle 6; or 

® = Om + cos* 6. (1 b) 

Hence the measured lattice spacmgs when plotted against the correspondmg 
values of cos* 6 he along a straight Ime of slope given by aK. The true epfuiing 
a is then given by the intercept which this straight line makes with the spacing 
axis where cos* 6 = 0. 

In the present mvestigation with an hexagonal crystal, the problem is more 
complex because there are two unknowns, the e spacmg parallel to the prmoipal 
axis and the >P&cing of the (100) planes of the basal plane. If we knew 
the axial ratio correctly then the problem would be the same as for a cubic 
crystal and spacmg values of either c or calculated for all values of hB 
would be on a straight hue which on extrapolation to cos* 0 = 0 would give 
the correct spacmg value. Actually we do not know the axial ratio If 
tills had been chosen in error it will be shown on plottmg the spacmg values 
against cos* 0 by a systematic departure of the pomts from a straight hne. 
If, for example, the c spacmgs are plotted and the axial ratio o/o is too big 
the pomts correspondmg to values of c deduced from reflections with small I 
indices will be above and those with large I indices will be below a mean straight 
hne. A value of the axial ratio is found which brings all the pomts on the 
same hne, apart &om random errors of measurement. The true c spacing 
IS then found by extrapolation and &om this value and the axial ratio the di^ 
spacing IS calculated The results are given m Table I for a number of 
temperatures The spacmgs are expressed as expansions per unit length m 
columns 4 and 5, takmg as stuidard the spacing values for 18° C. previously 
determmed. 

Companson of X-ray and Optical Measuremmtt. 

(a) Exparmm ParaUd to the Pnnovpal Axit.—'By the use of optical methods 
the thermal expansion of quartz parallel to the pnncipal axis has been measured 
accurately over an extended range of temperatures by Randall,* Mflller.f 
and Landman. X The results of Landman deviate slightly at the higher tempera- 

• ‘ Phys Rev.,’ vol 20, p. 10 (1906). 

t ‘ Phys. Z.; vol 17, p. 29 (1918). 

t' AoU Boo. Sci fenn.,’ vol. 46, No. 6 (1916). 
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tures from those of Randall and Mtiller, which are in good agreement with 
each other, the values of Randall and Miiller being therefore chosen for making 
the comparison with the present X-ray measurements along the prmdpal 


Table I —Expansion of Quartz m directions Parallel and Perpendicular to the 
Principal Axis 


Temperature 
of Hporinii 11 

Aocuratr value of Uttioo apocing, 

X units 

KxpiuiHinn expressed in terms 
unit length, 18" C 

•C 1 . i .. 1 



18* 

6303 3 

4246 0 



118 

! 6398 I, ' 

4262 3 

0 00090 

0 00148 

203 

6402 7 

4268 4, 

0 00174 

0 00293 

280 

5406 8 

4264 6. 

0 00260 

0 00439 

3(Hi 

5412 8, 

4272 3 

0 00362 

0 00619 

418 

6416 3, ! 

4277 7 

0 00427 

0 00747 

494 

' 6424 1, 

4287 0, 

0 00672 

0 00967 

S26 

5427 0 

4291 8| 

0 00634 

0 01080 

Cfi8 

1 6433 8 1 

4299 0 

0 00752 

0 01248 

667 

1 5436 6 

4302 7 

1 0 00782 

0 01336 

679 

1 5446 4 ' 

4318 1 

1 0 00984 

0 01698 

690 

' 6447 3 

4319 6 

! 0 01001 

0 01733 

610 

6447 0 

4319 6 

! 0 00996 

0 01733 

066 

6446 4 

4310 6 

1 0 00984 

0 01733 

730 

6446 9 ! 

4319 6 

0 00976 

0 01731 


• Bradloy mod Jmy, he etl 


axis The continuous curve shown m fig 2 represents the results of Randall 
and Mailer and has been drawn to express the measured expansions in terms 
of unit length at 18° C The results of the lattice expansion parallel to the 
principal c-axis as obtamed by the present X-ray measurements and given 
m Table 1, column 4, as expansions per umt length, arc plotted for the corre¬ 
sponding temperatures as curcles m the same figure. It is seen that the circles 
lie along the continuous curve within a small cxpenmental error This agree¬ 
ment between the results obtamed by X-rays and optical methods proves that 
in both cases the same changes ore bemg measured 
The X-ray measurements were in addition earned out at temperatures up 
to 730° C, which 18 beyond the hmit of the present optical measurements. 
However, it is known from the earher work of Mallard and Le Chatehert 
by the use of approTunate methods of measurement that on approaching the 
change pomt the coefficient of expansion becomes very large and that 
beyond the change pomt a slight contraction of the crystal takes place The 
t ‘ C. K. Acad. Soi. Paris,’ vol. 108, p. 1046 (1880). 
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dotted bne, fig. 2, has been drawn through the X-ray points for temperatures 
higher than 600° C. and may be regarded as a contmuation of the curve firom 
Randall and MQller’s data This hne shows that the coefficient of ea:psnsion 
of the lattice mcreases rapidly as the temperature approaches 579° C. At this 
pomt there is an abrupt change followed by a contraction of the lattice Thus 



Fio. 2 —Expansion parallel to the principal axu. -from Randall and Mailer’s data, 

O present X-ray ineanurements;-oorre through X-ray pomts at higher 

temperatures 


the present high-temporature X-ray measurements confirm the charaotenstics 
in the quartz expansion as found by Mallard and Le Chateher. 

A comparison of the expansion curve along the pnncipal axis as measured 
by X-rays and other methods shows that they are in good agreement firom 
room temperature to 600° C, this being the range over which an accurate 
comparison is possible From the form of the expansion curve above and below 
the a-fi change point the transformation is given as 679° C. which agrees 
within experimental error with the acknowledged temperature 676° G. 
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(6) Expannon Perpendictdar to the Pnnoipal Axu —^Tlie accurate meaaure- 
ments which have previously been made on the expansion perpendicular 
to the principal axis have for the most part been confined to a comparatively 
small range of temperatures. Lmdman {loc cit), however, has earned out 
expenments at temperatures up to 330° C and so a cntical comparison of 



Temperature 

Fia 3 —Espannoa perpendioolor to the principal axis -Optical expansion (Linder- 

man), O present X-ray measuroments. 

optical and X-ray measurements can be made over this temperature range 
The curve, fig. 3, has been drawn from Lmdman’s values of the expansion 
ooefScient. The circlee m the same figure represent the expansion of the 
lathee expressed in terms of unit length at 18° C. It is seen that there is 
a very good agreement between the two series of measurements. This confirms 
the result found for the principal axis, that the expansion coefficient of the 
atomic lathee is the same as for the crystal block. 

a 8 
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The X-ray results for both directrons of the crystal, expressed as expansions 
per unit length, see Table I, columns 4, 6 are shown in fig. 4. It will be seen 
that both expansion curves are of the same type, the coefficient of expansion 
increasmg with temperature up to the a-p change point beyond which a 
contraction takes place. Le Chateher found that while there was an appreciable 
contraction parallel to the prmcipal axis the contraction m a perpendicular 



direction is much smaller. These characteristics are shown m the X-ray 
measurements 

The agreement of the observed a-p change pomt 679° C , as shown by the 
abrupt change m the expansion curves, with the acknowledged temperature 
676° C. suggests that the temperature scale is correct and the vahdity of the 
assumption, previously made, that the coefficient of expansion of silver is the 
same whether measured optically or by X-rays is sound. This is farther 
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subatantitated by the agreement shown m the companson of optical and 
X-ray measurements for both axes of quartz at all temperatures mvestigated. 

To sum up tt can be stcUed that for vtlver and quartz the ooefficterU of thermal 
expansion of the lattice iS identical with that of the crystal block. 

Variation tn the Axial Ratio oja with Temperature. 

The djoo spacing is related to the a-axis by the expression 

2 j 


TJie value of c/a for quartz at 18'’ C. was given in a previous paper as 
1 • 10()()2* ± 0 00004 Because the lattice has a greater coefficient of expansion 



in the basal plane than along the pnncipal axis the value of ofa decreases with 
increasing temperature. The relation of c/a with temperature is shown m 
fig. 6 The curve shows (1) a steady decrease m the value of c/a from room 
temperature to about 560° G., (2) a rapid decrease up to the a-^ change point 


* Value of e/a given by Tntton is 1 • 1000. 
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(679° C.), (3) an arrest at 679° C. followed by a sbght and steady fall in the 
cfa value. 


Dtscwtsxon, of the Changes tn the Quartz Structure. 

The structure of a-and p-quartz has been the subject of many mveatigations, 
namely, those of W H. Bragg and Gibbs, and WyckofF,* to whose work for a 
detailed analysis reference should be made An examination of the X-ray 
powder photographs confirms the results of their mtensity measurements. 
The photographs of both a- and p-quartz at different temperatures show that 
the mtensity differences are surpnsmgly small and the slight variations which 
are seen appear to be gradual. A pomt which may be considered is the question 
whether after heatmg and cooling the quartz returns to its original state, t e, 
whether the modifications m the a- and p-forms and transformation are re¬ 
versible As stated previously these X-ray observations were carried out m 
a random order at temperatures above and below the change point A certam 
time was allowed for the specimen to reach a steady state before the exposure 
was made From the spacmg measurements it appears that the structure had 
been given the opportunity of retummg to a state of equihbrium. Gibbs 
found that when the temperature was changed slowly between observations 
at vanous temperatures the X-ray measurements were reproducible. 

In previous paragraphs the expansion of the lattice has been discussed. 
The results show a steady increase m the lattice up to the change 
point, the expansion becoming more and more rapid as the transforma¬ 
tion point IS approached. Lattice spacing measurements therefore confirm 
measurements on the crystal block. The modification of K-quartz probably 
can be seen better from a consideration of the variation m the axial ratio, 
see fig. 6 It would appear that while the a-structure changes contmuously, 
yet there is a state just before the transition where the lattice dimensions suffer 
a rapid change, witnessed m the sudden fall of the axial ratio values. At the 
change point this fall is arrested and the changes in the ^-form are small m 
comparison. This phenomena is not difficult to visualize and something very 
similar was found by Gibbs. The suggestion that the structure is passing 
through a state of thermally unstable equihbnum appears to be substantiated, 
and that the transition is abrupt seems certam. 

• &agg and Gibbs, ‘ FToc Roy. Soo . ’A, vol. 100, p. 405 (1925); Gibbs, ‘ FToo. Roy. 
(too.,’ A, voi 107, p 661 (1925), vol. 110, p. 443 (1926), Wyokoff, ‘ Amer. J. Soi.,’ voL 
11. p. 62 (1926). 
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Sumtmry. 

X-ray powder photographs of clear colourless quartz have been taken for 
a number of temperatures firom Ig*" C. to 730'’ C., and the lattice dimensions 
found corresponding to each temperature observation By usmg the lattice 
expansion of silver, desenbed elsewhere, and assuming the ordinary expansion 
laa, a temperature scale for the camera was obtained which, when used m 
conjunction with the quartz spacmg measurements, gave (1) the a~^ change 
pomt of quartz at 579° 0 as compared with the acknowledged temperature 
576° C., thus provmg the vahdity of the above assumption, (2) an expansion 
law for each of the directions parallel and perpendicular to the pnncipal axis 
which was identical with those found by using optical methods of measure¬ 
ment. 

The X-ray results indicate that for silver and quartz the coefficients of 
thermal expansion, over the range investigated, arc the same whether measured 
by X-rays or optical methods 
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On the Electric Charge Collected by Water Drops JaUtng through 
Ionized Air in a Vertical Electric Field. 

By J P Gott, M.A , Tnnity Hall, Cambndge. 

(CSommunicated by C T. R. Wilson, F.B.S.—Received May 11, 1933 ) 

1. Introdnclton 

In connection with the theory of thunderclouds and of the electric charge 
brought down by rain, Wilson has suggested* the following mechanism 
Consider an uncharged water drop falling vertically through ionized au* Let 
there be a vertical electric field, so that ions of one sign arc movmg down in 
the same direction as the drop falls, while ions of the other sign are movmg up 
against the drop The electric field induces equal charges of opposite signs on 
the upper and lower halves of the drop Suppose now that the electric field 
has such an mtensity that the velocity of the descendmg ions is less than the 
velocity of the falling drop. Under these conditions those descendmg ions 
which are above the drop, cannot overtake the drop and so do not reach it, 
although attracted by the charge on its upper half Those descendmg ions 
which are below and which the drop overtakes, are first repelled by the lower 
charge on the drop before bemg attracted by the upper charge and, since these 
charges are equal in the neutral drop, it is to be expected that these ions will 
not reach it Ions coming up to meet the drop are attracted to the lower 
charge and give the drop a net charge This destroys the equahty of the 
induced charges and some of those ions which the drop overtakes are now 
attracted to it, A limiting condition will be approached in which the net 
charge is equal to some fraction of the induced charge. 

This mechanism does not depend on whether the electric field is directed 
vertically upwards or vertically downwards and for this reason specific mention 
of the sign of an ion has been avoided In a particular case, suppose the 
potential gradient, measured upwards, to be negative, so that positive ions 
move up and negative ions move down. The charges on the upper and lower 
halves of the falling drop will then be positive and negative respectively. If 
the water drop falls more rapidly than the negative ions move down, it will 
collect a net positive charge, by selective absorption of positive ions at its 
lower natively charged surface Since a drop of 1 mm radius has a terminal 
* ‘ J. Fraoklm Inst.,' vol. 208, p. 1 (1989). 
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velocity of about 6 metres per second, the electric field must not exceed 40() 
volts/om for ions of mobility 1 *6 cm /sec /volt/cra 

Ram bnngs down an excess of positive electricity The potential gradient 
under a shower cloud or a thundercloud is usually negative and ram, possibly 
leaving the cloud with a negative charge, collects in accordance with this 
theory, more positive than negative ions and so arnves at the ground with a 
positive charge (Rain can also gain a positive charge if there is an excess 
of positive ions produced by point discharges from objects on the ground ) 

In the apphcation of the theory to explain the development of the internal 
fields of thunderclouds, it is necessary to assume that the ions have their 
mobihty reduced to that of large ions, by attachment to nuclei or small cloud 
particles Even m the large fields occurring in thunderclouds (up to 10,000 
volts/cm ) they will then move with a velocity of only a few centimetres per 
second Any ram drop, large enough to fall more qmckly than these ions 
move down, will collect a net charge of such sign that its fall will tend to add 
to the already existing field of the thundercloud, as has been suggested by 
Wilson, loc oU 

The work desenbed m this paper was undertaken to obtain a direct experi¬ 
mental check on the working of the mechanism which has been outhneil 

2 Expenntenlal Method 

For an experimental check on this theory it is necessary to ionize the air in 
a region m which there is a vertical electric field and to measure the charge 
collected by a water drop when it falls through this region The ionization is 
conveniently produced by a beam of X-rays. Three senes of experiments 
have been carried out of which the first was divided into two parts These 
were as follows 

Senes la —A thin beam of X-rays was directed along the upper surface of 
the lower of two horizontal plates used to produce the electric field. Under 
these conditions the drop fell through a stream of ions of one sign rismg up to 
meet it and it collected a chaise for all values of the electric field. This 
expenment gives the magnitude of the charge collected under the most 
favourable circumstances 

Senes 16.—^A sinular thm beam of X-rays was directed along the under 
surface of the upper field plate. Ions of one sign then moved down in the 
same direction as the drop fell Startmg with a large value of the electric 
field, the drop collected a charge, because ions overtaking the drop were 
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attracted to ita upper surface. When the field was duuuushed to a value 
somewhat less than that which gave to the ions a velocity equal to that of 
the drop, the charge collected diminished to zero m accordance with the 
theory 

Senes 2 -In these experiments the beam of X-rays was directed through 
the middle of the space between the field plates so that the drop in the first 
half of its fall, met ions which were moving up to meet it and m the second 
half of its fall, ions of opposite sign were movmg down with it The interaction 
IS thus divided into two stages. For large fields where the descendmg ions 
overtook the drop, it collected only a very small charge, as was to be expected 
since it would lose m the second stage the charge which it collected in the 
first stage For small fields where the descendmg ions could not overtake 
the drop, it collected a considerable charge It was then rctainmg most of 
the charge which it collected in the first stage Any loss of charge m the 
second stage was due to its net charge, collected m the first stage and of 
opposite sign compared with the ions which it was meetmg m the second stage. 

Senes 3.—In these experiments the whole height between the plates was 
exposed to ionization by X-rays, so that the &llmg drop was meeting ions of 
both signs for the whole of the time that it was between the plates The 
results of these experiments, as was to be expected from the theory, were similar 
to those of the second senes of experiments It should be noted that the 
conditions are more compheated when the whole space between the plates is 
ionized Instead of a uniform density of ions of one sign, there is a distnbution 
of positive ions mcreasing from zero density at the surface of the positive plate 
to a greatest density at the negative plate, with a similar distribution m the 
opposite direction for the negative ions 

The first two senes of expenments were somewhat affected by a non-uniform 
clectnc field This does not destroy the general conclusion to be drawn from 
these expenments It was ehmmated in the third senes of expenments 

3 Jixpenmental Details. 

The vertical electnc field was mainteuned between two cuxsular plates which, 
at first, had a diameter of 56 cm These were separated by a distance of 
28 cm. by ebomte insulators. In the centre of each plate was a circular hole 
of 3 cm. diameter and on the upper plate there was erected a vertical brass 
tube about 10 cm. m diameter and a metre in length. This carried, at the top, 
a water dropping appliance, consisting of a reservoir, screw valve and a drawn 
out glass tube to form the drops. The height from the lower surface of the 
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upper plate to the tip of the water dropper was almost exactly 100 cm. The 
apparatus had to be carefully adjusted mto the vertical, for the drop to fall 
clear through the holes in both plates. It 
had, moreover, to be fairly ngidly supported 
against vibration. 

This apparatus is illustrated in fig 1, a A 
and B are the plates and G the water dropper 
The drop after passmg through the field, was 
collected m a small Faraday cylinder D, 
msulated by sulphur and contained m an 
earthed metal case E is a removable metal ‘ 
cover shielding the top of the Faraday cyhnder. 

The Faraday cylmdcr was connected to the 
leaf system of a small gold leaf electrometer 
and to an earthing key This electrometer, i 
which has a linear scale for about 20 volts 
on each side of zero, has been desenbed by 
Wilson • Under those conditions the total 
capacity was 46 cm This arrangement was 
not sufficiently sensitive to measure the 
charge on a smgle drop, which under the 
expenniental conditions had a maximum value of about one-hundredth of 
an electrostatic unit, but by coUec ting one hundred drops reasonable deflections 
could be obtained. The results are in most experiments accurate to 5%, 
though the measurement of very small charges 
IS more uncertain. This estimate mcludea all 
sources of irregularity 

The ionization current per square centimetre 
flowing between the plates was measured by 
means of a small disc electrode inserted in the 
central hole m the lower plate. The water 
droppCT was turned ofl. As shown in fig 1, 6, 
the cover E was removed and the disc F supported from the top of the Faraday 
cylinder, so raakmg connection with the electrometer and, at the same time, 
connecting a large capacity (up to 900 cm.) to the system, as shown q,t G. This 
was necessary to obtain a suitable rate of deflection of the electrometer. 



Fio. 1. a. 



Kw 1.6. 


• ‘ Proc. Camb Phil. Soo vol. IS, p. 184 (1905). 
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In the use of the Faraday cyhnder trouble was occasionally experienced 
owing to splashing. When this occurred it could always be detected at once 
and so does not produce any uncertainty m the observations , it was almost 
eliminated in the later expenments. Moist air, round the Faraday cylinder, 
at first sometimes caused electrical leaks This trouble was entirely eliminated 
by blowmg a very slow stream of dry air through the apparatus 
The X-rays were generated by a Coolidge tube worked by an mduction coil 
and gas break Measurements of the ionization current were made both 
before and after the measurement of the charge brought down by one hundred 
drops Dunng this time the ionization current usually remained constant to 
2% or 3%. Ideally the beam of X-rays used m the first and second scries 
of expenments should be very thm, but m practice a fimte thickness is required 
to obtain sufficient output The beam used had a thickness, in the path of 
the drop, of about 4 cm , calculated from the relative positions of diaphragm 
and focal spot. In making observations the X-rays could be cut of! by means 
of a shutter This shutter was held open while 100 drops were collected 
Potentials up to 20,000 volts (in one case up to 30,000 volts) were mamtained 
on the upper plate, the lower plate being earthed. In the more important 
region, up to 10,000 volts, the potential was measured by means of an electro¬ 
static voltmeter. For higher potentials a sphere gap was used The potential 
was obtamed from a Wimshurst machine. 

Careful tests were made to ensure that the charge observed was never 
spunous. Thus the drops alone brought down no detectable charge and the 
electric field or the X-rays acting alone did not cause the drops to aciiuire 
any charge 

It will be convement, at tlus stage, to consider the velocity of the falling 
drop. The drops were formed, as already stated, at the end of a glass tube, 
supphed through a screw valve with distilled water from an approximately 
constant head. The volume of a drop was measured by couiitmg the number 
required to fill a 10 c c measunng vessel The size of drop formed m this w'ay 
remains remarkably constant The same glass tube was used to form the 
drops m all the observations and the average of several determmations of the 
radius of the drops, made at different times dunng the work, is 0 224 cm. 
and can be regarded as accurate to 1%. The terminal velocity of drops 
has recently been mvestigated by Flower.* For the drops used the terminal 
velocity IS 774 cm /sec. but the drop must £»11 more than 3 metres to acquire 
this velocity. In the present experiments the drop fell 100 cm to the upper 
• ‘ Proo. Phyi. Soo.,’ vol. 40, p. 167 (1928). 
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plate and 128 om. to tlie lower plate. The velocity of a drop at points in its 
path before it has reached its terminal velocity does not seem to have been 
detenmned. From general considerations it is suggested that the velocity 
of the drop in the present experiments cannot be less than that due to gravity 
by more than a few per cent The velocity calculated m this way, mcreasra 
from 443 cm./sec. at the upper plate to 600 cm /sec at the lower plate The 
fields which give the ions velocities equal to these are, for positive ions 317 
and 357 volts/cm , taking the mobility to be 1 4 and for negative ions 296 
and 333 volts/cm , taking the mobility to 1 m‘ 1 -5 These are the values which 
are indicated in the diagrams. 

4 Exjtenmmlal ResulU 

The object of the experiments was to obtain curves connecting charge per 
drop with electric field, each curve corresponding to a constant lomzation 
current flowing between the plates To obtain the points on such curves 
directly was not convenient, as it was difficult, with the X-ray apparatus 
used, to adjust the ionization current exactly to a predetermined value and 
then mamtam it at that value The ionization current was measured by stop¬ 
watch readings On the other hand, the electnc field, usually measured 
directly on an electrostatic voltmeter, was easily adjusted to a predetermmod 
value Consequently the method adopted consisted m first obtaining curves 
connectmg the charge on a drop with the lomzation current, where each curve 
corresponds to a constant clectnc field Taking the charges given by a set of 
these curves for a constant lomzation current and plotting against the corre- 
spondmg fields gave the required curve The number of pomts on the final 
curves is thus small, bemg equal to the number of curves m the first set but, 
being taken from smooth curves drawn through the experimental points, 
they ore equivalent to averages and are of high accuracy 

Coming now to the first senes of experiments, fig 2 is a specimen curve 
showmg actual experimental points The accuracy mdicated may be taken 
as average The pomts obtained when the electnc field was very small, or 
the charge collected was very small, showed a greater uncertamty In the 
former case the ionization current was no longer saturated. The latter case 
will be discussed later. Under these conditions the curves were based on a 
greater number of observations. The curve of fig 2 is for negative ions moving 
down and a field of 268 volts/cm. Complete sets of curves are shomi m figs. 
3 and 4, where to avoid confusion the experimental points are not mdicated. 
During these observations the upper field plate was negative with respect to 
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the lower which was earthed Fig 3 refers to the case of positive ions moving 
np to meet the drop, the charge collected being positive, and fig. 4 gives the 
negative charge collected when negative ions move down. In each figure 



Fio. 3.—S^peoimen oorva. 



Fio. 3.—Positive ions moving np. 

the ordinate is the charge on 100 drops in e.8.u. and the abscissa is the ionisation 
ourrent m e.8.u. per square centimetie. The eleetiic field to which each curve 
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refers is indicated in the figure. The straight line occurring in each diagram 
represents some two or three curves m each case, since all curves obtamed for 
values of the electnc field greater than that mdicated against the straight hne 
in the diagram coincided to our order of accuracy. It should be noted that 
these straight hnes have the same slope m each figure. In fig. 4 certain curves 
are shown coinciding near the ongm. The observations are not sufficiently 
accurate to prove exact coincidence, but any difierence must be small 



Fio 4 —Nogatire ions moving down 


Fig 6 IS of more direct interest This is coustmcted from figs. 3 and 4 and 
shows the charge (ordinate) against the electric field (abscissa), when the 
ionization current has the constant values 0 06, 0-1, 0 2 and 0*3 electrostatic 
umts per square centimetre The full line curves were obtamed from fig 4 
and refer to ions moving down. The pomts taken from the curves are indicated. 
The broken hne curves, which in the nght-hand part of the diagram comcide 
with the full hnes, were obtained from fig. 3 and refer to ions moving up. They 
are inclnded chiefly for the sake of comparison. The critical values of the 
electnc field, giving the ions and the falhng drop equal velocities, are indicated 
by arrows. It'will be seen that, for somewhat smaller values of the field, the 
charge collected from descending ions, which now cannot overtake the drop, 
fisUs to zero. This is m quahtative agreement with the theory. 
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The charge collected from ions moving up, shown by the broken hnes, does 
not dimmish in this region, and this is m agreement with the tlieory On the 
contrary, it shows an unexpected increase Referring back to fig 3, it will 
be seen that this nse is related to the curvature of the curves for 126 and 179 
volts/cm and to the fact that their elopes near the origin are greater than the 
slope of the straight hne for 268 volts/cm. and large fields. These two curves 
only provide two points on the nsitig part of the curves of fig. 5, but these 
points can be regardwl as accurate although they cannot, of course, determine 
the pre< ise shape of these curves Tins effect will be further disciisseil later. 



Fk) 5 — -Ions moving down,-ions moving up 

The results of the st'cond senes of expenraents are shown m the curves of 
fig 6, which were obtamed by the same process as the curves of fig. 6 Here 
the beam of X-rays was directed through the middle of the space between the 
field plates and the upper plate was nefi^tive. In the first half of its fall 
lietwecn the plates the drop was meeting ascending positive ions and, m the 
second half, descendmg negative ions. The curves show the positive charge 
per 100 drops against the electnc field for the constant ionization currents of 
0-05, 0 1 and 0 2 e s.u. per square centimetre The cntical fields, givmg 
ions and drop equal velocities, are agam mdicated by arrows For greater 
fields (descending ibns overtaking the drop) the charge collected is small, 
but this mcreases rapidly for fields less than the cntical field. This is m 
agreement with the theory smee the descendmg ions do not overtake the drop 
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for amsll enough helda and therefore it retains most of the charge gamed from 
the ascendmg ions Any loss of charge under these conditions is due to the 
attraction for the descending ions exerted by the net charge gamed from 
ascendmg ions This effect must, however, bo small m these expenments 
since curves very similar to those of fig. 6 can be constructed by takmg half 
the difference of the curves of fig. 6. 

In the third senes of expenments the whole height between the plates was 
exposed to X-rays, so that the falling drop was meeting ions of both signs 



simultaneously It was when these expenments were undertaken, that the 
distortion of the electric field, already mentioned, was discovered. As already 
stated the field plates used had a diameter of 56 cm. and a separation of 28 cm, 
giving a ratio of 2 to 1 Tliese cbmensions were chosen from purely mechanical 
convemence when the possibihty of observing the required effect was being 
investigated. A distortion of the field, correspondmg to a bulging of the hnes 
of force symmetneal about the plane imd-way between the field plates, would 
not have been of great consequmice The magmtude of the effect was increased 
and it was made more serious by the fact that, the lower plate being earth 
connected, the hnes of force from the upper plate spread out to the surroundings 
and so do not all terminate on the lower plate This gives an unsymmetneal 
field, strongest at the surface of the upper plate and weakest at the surface of 
the lower plate. 
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Thu effect first showed itself as a charging of the drops for fields well above 
the critical field and therefore under conditions where no charge was to be 
expected. Under these conditions the descending ions overtake the drop and 
no net charge is gamed, providing the currents earned by the positive and 
negative ions arc equal. Consider now the effect of the distorted field. The 
intensity of ionization (number of ions generated per cubic centimetre per 
second) may be taken to be uniform throughout the field. These ions follow 
the fines of force as they move in the field. Thus negative ions, say, spread 
out as they move down and the average current density, due to negative ions, is 
less than it would have been had the field been uniform. Positive ions moving 
up contract mwards and the average current density u mcreased There is 
thus an excess current of positive ions moving up and thu gives a positive 
charge to the drop even when the field u above the critical value. 

The dutortion of the field was measured independently m the following 
manner A diaphragm with two openings was arranged to direct two 
identical beams of X-rays, one to the top of the field and the other to the 
bottom. A shutter was arranged to covet one or other of the opemngs m the 
diaphragm The measured ionization current, which has been used m the 
diagrams, u the current density at the surface of the lower plate. Usmg the 
lower beam of X-rays, the ionized region is just above the lower plate and 
the current density is not affected by spreadmg of the ions Usmg the upper 
beam of X-rays, the ions spread out before reaching the lower plate and the 
current density is dimmished The ratio of these two current densities gives 
a iiieasiire of the spreadmg of the hnes of force and therefore of the variation 
of the field. The observed ratio was 1 6 

Vanous methods were tned to overcome this difficulty, but the only satis¬ 
factory solution lay in the use of larger field plates Field plates wore con- 
structcil having a diameter of 4 feet (122 cm.) giving a ratio of diameter to 
separation of a little over 4 to 1. The remaining distortion of the field, using 
these plates, was about 6% This was measured m the same way, but the method 
was not very smtable for measuring such a small variation. With the larger 
plates the X-ray tube had to be moved further away from the centre of the field 
and to obtam X-ray beams of the same thickness as before, m the centre of 
the field, narrower shta had to be used. Small errors m their width or position 
then became serious. The change also had the disadvantage of dnnniiahing 
the available intensity of ionization from the apparatus used. The effect of 
this distortion of the field, on the first two senes of experiments, will be 
discussed later. 
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The third senes of cxpcnments was carried out with the large plates and the 
Anal curve of charge against held, for a constant ionization current, is shown 
in curve A of Ag 7, for which the ionization current was 0 ■ 4 e s.u per square 
centimetre In these experiments the upper hol<l plate was positive. As it 
will be required for the discussion of the expi'nments, the set of curves on 
which Ag 7 IS based is given in Ag 8 Other curves similar to curve A could 
easily be constructed from it Keturmng to Ag 7, the critical Aeld corre¬ 
sponding to curve A is indicated by two vertical lines In Aelds smaller than the 
critical Aeld the drop collects a charge, while in larger faelds the charge is small 



Fro. 7 —Whole field ionized 


though not zero The charge collected dimmishes very rapidly as the Aeld 
increases through the critical value Curve B on the same diagram gives the 
corresponding curve obtained with the first field plates and the cntical field is 
indicated m the same way. Actually curve B was obtained with the upper 
plate negative. It may be mentioned at this pomt that, although complete 
sets of observationB have not been made with potentiak of both signs on the 
upper plate, sufficient work has been done to show that the only difference 
between these two oases is that due to the difference in mobility for positive 
and negative ions. Curve B shows the proper variation of charge m the region 
of the critical field, but it is superunpoeed on the constant charge due to the 
distortion of the field. (The observattons on which ourve B is based were not 
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extended to the smallest fields.) Curve B falls less steeply through the critical 
field than curve A and this, also, can be accounted for by the distortion of the 
field which affected curve B. Curve B is of mtercst m showing that the 
selective absorption of ions of one sign shows up quite clearly when super¬ 
imposed on another effect 

Curve A, obtained with the apparatus using the large field plates, still 
shows some charge above the cntical field The 5% distortion remaining in 
the field would give an effect like this but, by comparison with curve B, where 
the distortion was 60%, it seems improbable that this can account for the whole 
effect. The measurement of these small charges was subject to greater error 
than in any other observations None the less, it appeared that observations 
on different occasions showed a greater vanation than was warranted by 
expenmental error It is probable that this residual charge together with its 
uncertainty is partly accounted for by the presence of large ions These 
would be formed by the attachment of the normal ion to nuclei, such as dust 
particles Durmg the experiments a large Wimshurst machine was runiung 
continuously m the room and this, by producing ozone and oxides of nitrogen, 
might mamtam a supply of nuclei It is to be expected that the number of 
such nuclei and therefore the number of large ions, would be different on 
different occasions and this would have its effect on the observations 

A few experiments were earned out to detect the presence of large ions 
The method employed was to switch off the X-rays and raise the electro¬ 
meter eartbng key a fraction of a second later All the ions of one sign remain¬ 
ing m the space between the field plates, or more exactly m the volume above 
the collecting electrode, are then collected and measured If the interval 
between switchmg off the X-rays and raising the key is properly adjusted, all 
the ions of normal mobility will have been removed by the field and any charge 
observed will be due to slow ions. The switchmg was done by means of a 
falhng weight. The charges observed were small, but by working with small 
electric fields, it was possible to make an estimate of them without difficulty 
since, for a given current, the charge density is mversely proportional to the 
field The removal of the ions of normal mobihty could be followed and a 
residual effect remamed This appeared to be due to ions havmg about one- 
fiftieth of the normal mobility and an estimate of the current they earned 
could be made This current showed considerable variations on different 
occasions. The drop would always fall more qmckly than the large ions 
moving down and hence would collect a charge from large ions moving up. 
The order of magnitude of this charge can be estimated from the available data. 
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The actual result of the estunate is &om one-thud to one-fifth of the charge 
observed m fields greater than the critical field. This agreement is satisfactory. 
As a separate research is being made to dctermme the charge collected by a drop 
m the presence of large ions or charged cloud particles, it did not seem necessary 
to pursue the matter further. 

It is reasonable to conclude that no charge is collected m fields greater than 
the critical field There is no evidence to the contrary m these experiments. 

6 Dtacugnofi. 

The experimental work which has been described clearly establishes the 
general accuracy of the theory outlined in the first section of this paper In 
particular, the third senes of expenmenta indicates that the charge collected 
by the drop is cut off qmte sharply at the cntical field, for which ions and drop 
have equal velocities. 

It IS possible to proceed to somewhat greater detail A conducting sphere 
of radius, u, m a uniform electnc field of strength, F, has positive and negative 
mduced charges, each equal to JFa*, on the two henuspheres into which it is 
divided by a plane normal to the direction of the electric field. Consider all 
the hues of force which terminate on one of these mduced charges At a 
distance from the sphere, such that the disturbance in the field caused by the 
induced charges is neghgible, these hnes of force form a cylmdneal bundle, 
whose area of cross-section is easily shown to be equal to three times the area 
of cross-section of the sphere. In an electnc field ions follow the Imes of force. 
Suppose the sphere, at rest m the air, to be m a stream of ions of one sign only. 
It follows that all ions following hnes of force which end on an mduced charge 
will reach the sphere and hence, that the rate at which it gams charge is given 
by the ionization current per square centimetre multiplied by three times the 
area of cross-section of the sphere. This is the imtial rate at which the sphere 
gains charge. When the sphere has a net charge, the distribution of charge 
on its surface is altered and, as has been shown by Pauthemer and Mme. 
Moreau-Hanot,* the limiting charge which the sphere can gam, in the presence 
of ions of one sign only, is equal to 3Fa*. When this limiting charge is reached 
the charge on the surface of the sphere has everywhere the same sign. If, 
for instance, the sphere has a net positive charge, this will increase the positive 
charge on its surface and dimmish the negative charge. This will mcrease 
the area defined by the lines of force from the positive charge and diminish the 
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corresponding area for the negative charge. Thus the sphere will gain positive 
charge at a decreased rate. Alternatively it can lose positive charge in a 
stream of negative ions at an increased rate. 

It has been assumed that the sphere is at rest m the air In the apphcation 
of these considerations to a fallmg water drop it is necessary to consider the 
effect of the motion of the sphere through the air. In the first instance con¬ 
sider a stream of air blowing ions against the sphere This process alone 
cannot give the sphere a charge, for the air blows round the sphere and carries 
the ions with it For the falling drop the air stream, treating the drop as at 
rest with the air blowing up, and the electric field are m the same direction 
For ions moving up the air stream increases their velocity This is equivalent 
to increasing the lomzation current flowing through any small area ]ust below 
the drop, but the air blows outwards round the drop and carries some of the 
ions with it, so preventmg them from reaching the drop. This introduces a 
compensating effect and it appears that the compensation is, at least approxi¬ 
mately, exact. It can be shown that it would be exact for a true stream Ime 
motion, though it is conceivable that it might be modified by turbulence. 
Thus the rate of collection of charge is mdependent of the motion of the 
drop 

Consider now the ions moving down. The air stream now decreases their 
velocity and decreases the effective lomzation current, but above the drop 
the air blows mwards and causes more ions to reach the drop than would 
otherwise do so. This produces a smibar compensating effect, so long as the 
velocity (relative to the drop) of the ions is not reduced to zero. No amount of 
“ blowing in ” can change zero mto a fimte quantity and so the drop then collects 
no charge. This is the cut off at the cntical field. For smaller values of 
the electric field, we have the conditionB already considered m the first section 
of this paper. Ions blowing round the neutral drop from below are first 
repelled and then attracted by equal and opposite mduced charges which produces 
no net effect For a drop having a net charge, these mduced charges are not 
equal and some of the ions reach the drop. 

According to this theory, the charge collected by the drop is independent 
of the motion of the drop relative to the air, providmg the field is greater than 
the cntical field. This may be compared with the measurement of the con¬ 
ductivity of air with, for example, the Qerdien apparatus. lu such measure¬ 
ments the charge reaching the collecting electrode is independent of the velocity 
of the air stream providmg this velocity is great enough. 

It is important to observe that the quantities which determine the charge are 
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the current density, the area and the time. There is no question of ions being 
swept up by the falling drop 

The experimental results may now be examined m the light of these con¬ 
siderations Tummg to the resnlts of the first senes of experiments given in 
figs. 3 and 4 we sec that, for large fields, the charge against ionisation current 
curve IS a straight lino and, as already mentioned, it is the same straight hne 
m each figure This means that, for large fields, the drop collects the same 
charge for a given ionization current whether that current is earned by ions 
overtakmg the drop from above or by ions coming up to meet the drop In 
effect, the charge collected is independent of the motion of the drop, providing 
the field is greater than the cntioal field This implies that, in the presence of 
ions of both signs canymg equal currents, the drop collects no net charge in 
fields greater than the cntical field The straightness of these hnes indicates 
that the charge collected is far from the limiting value, as is also clear from 
the magmtude of the charge The rate of collection of charge may therefore 
be taken to bo the imtial rate and this may be compared with the value 
calculated m the way indicated above There are two sources of un¬ 
certainty in the experimental conditions One is the non-umform field used 
in these expenments and the other is the thickness of the beam of X-rays. 
The measured ratio of the current densities at top and bottom of the field was 
1 5. Smee the charge depends on the current only and not on the field, m this 
case, we may allow for the distortion of the field by using the average ionization 
current, which is 25% greater than the observed value We must consider the 
collection of charge m two stages First, where the drop is exposed to ions 
of one sign only and second, where the drop is m the X-ray beam and is exposed 
to ions of both signs. The latter condition is the same as in the third senes 
of expenments above the critical field, save that the drop has an imtial charge 
and we will assume that no change of charge occurs. The thickness of the 
beam of X-rays has been given as 4 cm , but the beam was not very precisely 
defined and it was probably a little greater The drop takes about 0 - 06 second 
to fall the 28 cm between the plates. In round numbers we may say that it 
will collect charge dunng 0-06 second The radius of the drop, 0-224 cm, 
gives for three times the area of cross-section, the value 0 • 46 sq. cm. Since the 
drops had not approached their terminal velocity they were not distorted from 
the sphencal shape. From the curve, when the observed ionization current 
18 0*1 C.S.U. per square centimetre, the charge collected is 2*8 10~‘ e8.u. 
Taking the average ionization current to be 0*126, the calculated charge is 
0*46 x 0*126 x 0*06 = 2*87 10“* ea.u. The difference is much smaller 
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than the uncertainty of the calculation. Thus, at least approximately, the 
drop collects the ionisation current &om three tunes its area 
In the experiments with the descending ions the quickness of the cut off 
at the cntical field would be diminished by the distortion of the field The 
same consideration will apply to the second senes of experiments, the results 
of which were given in fig 6 The values of the electric field given for these 
experiments are, of course, average values. In these expenments observations 
were not earned very far above the cntical field, so it is not known how far 
the small charge remaining at about 370 volts/cm. would have diminished 
The beam of X-rays passed through the middle of the field and the current 
densities are agam affected by the distortion of the field. In the upper half of 
the field we have a current due to ions g^mg up and in the lower half a current 
due to ions going down. These currents are equal m the middle but, owmg 
to the distortion of the field, the average current density in the upper half 
will be greater than that in the lower half This is similar to the excess current 
going up which was observed when the third senes of experiments was attempted 
with the distorted field, save that the two currents now act successively mstead 
of simultaneously, and it appears that a charge should be collected when the 
field 18 greater than the cntical value. The small charge reinaimng at 370 
volts/cm. IS of about the magmtude which would be produced in this way 
The effect is not os promment as it was in the other case 
In many respects the most important experunents are those of the third 
senes, m which the drop meets ions of both signs simultaneously. It is the 
charge collected m the presence of ions of both signs that is of importance m 
atmosphenc phenomena In curve A of fig. 7 we have this charge and it has 
already been indicated that the curve shows the expected variation m the 
neighbourhood of the cntical field. As the field diminishes below the cntical 
value, the charge mcreases to a maxmium and then diminishes A falling 
drop exposed for a great enough tame, in a field smaller than the critical field, 
to ions of both signs will acquire a Iimitmg value of net charge, which will be 
equal to some fraction of the mduoed charge. This limiting charge has no 
relation to the limiting charge m the presence of ions of one sign only, which 
has already been mentioned. When a drop has a net charge, so that the 
positive and negative charges on its surface are not equal, it collects a smaller 
number of the ions coming up to meet it and also some of the descendmg ions 
which it overtakes. When the limiting charge has been gained these two 
processes balance one another. The reason for the maximum m curve A is 
now aj^parent. When the field diminishes just below the critical value, the 
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charge collected increases as the drop collects charge from ascending ions 
without losmg much to descendmg ions This charge is greater than the 
limiting charge for small fields and so, for small fields the charge collected 
dummshes That this is so can be seen from the set of curves in fig. 8 from 
which curve A was constructed. The curves correspondmg to the two smallest 
fields, 143 and 196 volts/om. flatten out for large currents, showing that the 
limiting charge has been attained. 
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It IS important to distinguish between the limiting charge collected m the 
presence of equal currents earned by positive and negative ions and the bmiting 
charge under the conditions of these expenments. In the expenments the 
whole space between the field plates is ionized. We then have a density of 
negative ions increasmg from zero at the negative plate to a greatest value at 
the positive plate and a density of positive ions increasing from zero at the 
positive plate to a greatest value at the negative plate. Thus when the drop 
falls between the plates it, at first, meets an excess of asoendmg ions from which 
it gains a charge and later it fislls, with an initial charge, mto a region in which 
there is an excess of descending ions. In this latter condition the drop may 
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lose charge. Hence it is probable that the limiting chatge under these con¬ 
ditions will be diAerent from the limiting charge in the more simple case of 
equal currents earned by positive and native ions. 

The bnuting charges observed are, for a field of 143 volts/cm. O’58 10~* 
e8.u. and for a field of 196 volts/cm. 0*81 10“* e.8.u. The corresponding 
induced charges (fFo*) arc 1’8 10"* and 2*47 10“*. Expressed as fractions 
of the mduced chaiges, these limiting charges are 0-322 and 0-328 respectively. 
These factions may be taken as one-thud 

The only matter which remains for consideration is the charge observeil for 
smaU fields in the first part of the first senes of experiments, w-here the current 
was earned by ions moving up For large fields it has been shown that the 
drop collects the ionisation current ftom an area equal to three times its area 
of cross-section, this giving the straight Ime m fig 3 In the theory as it 
has been given, there is no reason why this should be changed when the field 
IS diminished, unless the field becomes so small that the limitmg charge becomes 
comparable with the observed charge. Then the charge collected would 
dimmish. Actually, for small fields we have the two curves of fig 3, which 
rise above the straight line for smaU ionization currents and fall below it for 
larger currents. As has been pomted out, this produces the rise in the dotted 
curves of fig. 5. Clearly, if such curves had been plotted in fig 5 for larger 
ionization currents, the rise would have disappeared, for the turves of fig 3 
fall below the straight line for large ionization currents. 

The shape of these curves may be due to the departure of the experimental 
conditions from the mtendod simpbcily. It was intended that the drop 
should collect its charge from a stream of lona of one sign moving up, but to 
produce these ions there was the X-ray beam at the bottom. The conditions 
when the drop is in the beam aro the conditions of the third senes of expen- 
ments For large fields it has already been assumed that the drop collects 
no charge while m the X-ray beam. In accordance with the theory and the 
experimental work, the drop will collect a charge while in the X-ray beam, as 
soon as the field is smaller than the cntical field This can account for the 
increased charge m fields smaller than the cntical field, observed for small 
ionization currents. In the third series of experiments a hmiting value of 
charge was found, equal to one-third of the induced charge. For the larger 
ionization currents, assuming the drop to collect charge normally, it will fall 
into-the X-ray beam with a charge greater than this linuting value and under 
these circumstances it will lose, instead of gaining, charge. This can account 
for a di m i ni shed charge for largo ionization currents. The values of the 
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limiting charges make such an explanation reasonable The conditions are 
complicated and an elaborate mvestigation would be necessary to be more 
definite. The most serious objection to this explanation is the magnitude of 
the effect to be accounted for. The drop is in the X-ray beam for not more 
than one-fifth of the time that it is in the field above the beam The ionization 
current does not change on entering the region of ionization and with due 
regard to the distribution of the ions, a maximum effect of 10% would be 
expected. 

While the above explanation is qualitatively satisfactory, it is unsatisfactory 
when considered quantitatively, for the observed effect is much greater than 
10%. With the smallest fields the ionization current was unsaturated and it 
IS possible to think of ways in which this might account for the magnitude of 
the effect observed, but nothing definite can be said The more obvious 
supposition, that the curves show the normal charge collected by the drop in 
fields smaller than the critical field, must not be overlooked. In this con¬ 
nection it IS worthy of note that a similar effect was present m the second senes 
of experiments Then agam, there was an X-ray beam givmg an ionization 
current which was unsaturated for the smallest fields and the charge collected, 
fig 6, m fields smaller than the cntical field was too great for a drop collecting 
normally from three times its area. The same considerations apply m this 
case 

In the second part of the first senes of experiments, where the X-ray beam 
was at the top and the current was earned by ions movmg down, no corre¬ 
sponding effect was observed With fields smaller than the cntical field the 
drop would collect a charge while m the X-ray beam, but this charge would 
probably be lost before the drop fell out of the field and so would not be 
observed. 

The assumption that no change of charge occurs while the drop is m the 
X-ray beam when the field is greater than the critical field is not affected A 
drop with an imtial charge would lose charge but this effect would be small, 
smee the charges observed for large fields are small compared with the limiting 
charge. The question of unsaturation does not arise. 

The largest charges observed m the course of this work were equal to about 
10“* e.s u. per drop. Smee the volume of a drop was equal to 4-7 10"* c c , 
this IS equal to 0*2 e.8.u. per cubic centimetre. 

In conclusion, it may be said that the charge collected by water drops under 
the conditions of these experiments is in accordance with the considerations 
given in the first section of this paper. 
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These experiments were suggested by Professor C. T. R. Wilson The 
author is very gratefully indebted to him for his continued advice throughout 
theu: progress The work was earned out at the Cavendish Laboratory, 
Cambndge, and the author desires to express his thanks to Lord Rutherford 
for providing the necessary faoihties 

6. Sunrnan/. 

Experiments have been made to determme the charge collected by a water 
drop fallmg through ionized air m a vertical electnc field In the presence of 
ions of one sign only rising up to meet the fslhng drop, it collects a charge for 
all values of the electric field. When ions of one sign only are moving down 
m the same direction as the drop falls, the charge collected depends on the 
velocities of the drop and the ions If the descending ions have the greater 
velocity, so that they overtake the drop, then it collects a charge, but if the drop 
has the greater velocity, so that the descending ions cannot overtake it, then 
it collects no charge. The electnc field which gives to the descending ions a 
velocity equal to that of the drop is the cntical field for the phenomenon 

In the presence of ions of both signs, carrymg equal currents, the drop 
collects no net charge m fields greater than the cntical field In fields less 
than the critical field it collects more ascendmg than descending ions and so 
gains a net charge This charge does not increase mdefinitely but tends to 
a limiting value. 

Expenments have been made with one size of drop only In fields greater 
than the critical field, the imtial rate at which the drop collects charge in the 
presence of ions of one sign only is eqmvaleut to coUectmg the ionization current 
fitim an area equal to three tunes the area of cross-section of the drop This 
apphes both for ascending and for dracending ions. In fields less than the 
cntical field, the initial rate at which the drop collects charge from ascendmg 
ions appeared, m the expenments, to be different from this value, but this 
difference may not be a true effect. In the experiments the drop was not 
distorted from the sphencal shape 

These experimental results are in accordance with a theory proposed by 
Professor C T R. Wilson to account for the mechanism of thunderstorms and 
the electnc charge brought down by rain. 



269 
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By P M. Davidson, Lecturer in the University College of Swansea 
(Coiniimnicated by 0 W Richardson, F R S —Received May 12, 1933 ) 

Ten years ago Kramers and Pauli quautizetl the diatomic molecular model* 
which bears their names, obtaining the formula which has played so large 
a part in band spectroscopy It is sometimes pomted out in modem text¬ 
books that these results, founded on the old racchames, do not offer a very 
far-reaching analogy to those which the wave mechames give for the real 
diatomic molecule I think the reason will be seen on closely examimng the 
classical calculation, either in the original papers,f or m Bom’s “Atom- 
mechanik,”^ Without adequate cause, all types of motion save one were 
rejected in the quantization; alt that remained was the simple type of motion 
which, apart from the gyroscope’s axial spin consists merely of a steady pre¬ 
cession of the body as a whole about the invanable axis It will here be shown 
that in reality we can have Kramers and Pauli models perfonmng a very 
different type of motion, while completely satisfymg the old-quantum 
equations (which were determined in the ongmal papers). In these motions 
the gyroscope precesses not only about the invariable axis but also about the 
nuclear axis Kemble§ proposed that m a modified model, havmg an elastically 
mounted gyroscope, notions of this more complex type should be possible as 
quantized states, though his actual treatment is confined to motions of the 
simpler type As stated above, we shall see that the onginal model can have 
the more complex type of motion, in stnctly quantized states Kemble§ 
also proposed an energy formula for the correspondmg motions of the real 
molecule; it is with this and with the well-established molecular formules 
of the wave mechames that results obtamed from the model are to be compared. 

For specifying orders of magmtude it is convenient to t hink what happens 
when the mass of the nuclei is made very great, their angular momentum 

* The simple diatomic Kramers and Pauh model may bo regarded (fig. 1) as consisting 
of two nuclei (pomt masses A and £) held at a fixed separation by a weightless frame withili 
which a gyroscope, representing the electrons, is mounted ngidly, t e., at a fixed angle to 
the mtemuoleor axis. 

t ‘ 2 Physik,’ vol. 13, pp. 343,351 {1923). 

English editKm, pp 11(1-114 and 113-121. 

{ “ Report on Molecular Spectra in Gases,” ‘ Bull. Mat. Res. Coon. Wash.,’ chapter 7, 
§§2. Sand4. 



270 


P. M. Davidson. 


rotaining the same order of magnitude aa that of the gyroscope. Then the 
existence of quantized motions other than those piescnbed by Kramers and Pauli 
18 not snrpnsing, for by analogy with the vectorial conception of the real mole¬ 
cule (described, notably, by Hund and Woizel),* we should expect, in these 
circumstances, to find models in whoso quantized states the nuclei, if of great 
mass, will rotate about the invariable axis very slowly in comparison with the 
gyroscope’s precession about the nuclear axis For the real molecule, wave 
mechamcs equations such as Kronig’s (22)t will hold with an accuracy mcreas- 
mg ■with the nuclear mass, m the sense that though the mam rotational terms 
will become smaller, the neglected perturbations (if so they may be called) will 
diminish far more rapidly. 

In the model, it will be convenient to describe the motions first and then 
apply the quantum conditions It will bo sufficient for our purposes to consider 
a model in which the centre of gravity of the gyroscope coincides with that of 
the nuclei, though the results are not limited to that case. For the dynamical 
argument we shall think of the model m termi of its two parts—the gyroscope 
and the nuclei (the latter being regarded as pomt masses); not until the 
quantization need we introduce the pnncipal axes of the body as a whole It 
IS essential to distinguish clearly between the gyroscope’s axial component of 
angular momentum (which is of constant magmtude during the motion, and is 
quantized) and its total angular momentum (which need lie neither) If this 
total angular momentum of the gyroscope is of strictly constant magnitude, 
we can only have the simpler type of motion, but in the motions to be 
considered the fluctuation of this magmtude, though slight, is compatible with 
a rapid precession of the gyroscope about the nuclear axis. 

We consider first (fig 2) a simple motion m which the model precesses about 
a Imc OA, which lies in the plane of the gyroscope’s axis and of the nuclear 
axis ON, and makes a small angle with the latter. Q is the axial component 
of the gyroscope’s angular momentum, differing from its total angular momen¬ 
tum L by the perpendicular component M, proportional to the precessional 
velocity (and depending slightly on the small angle spoken of) The pre¬ 
cession gives the nuclei an angular momentum (perpendicular to ON) 
proportional to the precessional velocity and the small angle. For this motion 
to be possible the resultant of L and ith must, of course, lie on OA. Wo will 
think of 0 and Mp retaining their magnitudes when the nuclear maiw u made 

*Cy. Weizel’s " Bandenspektreu" (‘Handbuch der Expenmentolphysik,' 1931), 
ohapter I, $ 1 and f S. 

t '* Bond Spectra and Molecular Struoture,'* p. 16. Camb. Umv. Frew. 
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gieat, then the Rmall angle is inversely proportional to the nuclear mass, or 
very nearly ro. When this mass is groat the energy of the nuclei (associated 
with the angular itiomentuin »»,) is small txmiparcd with tliat part of the 
gyroscope’s energy which is associated with the angular momentum M, 
This 18 the case wc shall consider The gyroscoiH>’s precessional velocity is 
great compared with the velocity which would have to be superposed about 
some new axis sucli as J (fig 3) in order to generate m the nuclei an angular 
momentum of the same order as Q We cannot actually obtam the more 



general motion merely by superposing on the simple motion a slow steady 
precession about OJ , for then Q and the total angular momentum and the 
total energy would be fluctuatmg, by small fractions of their magmtudes, with 
the high frequency of the gyroscope’s precession about OA In the real motion, 
of course, they remain constant, while other quantities fluctuate But the 
true motion of the nuclei only differs from the hypothetical one by quantities 
whose contribution to the nuclear angular momentum is of smaller order 
than wij and Wg. The axis OZ, which is needed in the quantization, is that 
principal inertial axis which is adjacent to ON, with which it makes a small 
angle inversely proportional to the nuclear mass ON, OZ, and the gyroscope’s 
axis are coplanar m our erases i); is the angle between the plane defined by 
OZ and the gjnroscope’s axis, and that defined by OZ and J. If all the angular 
momenta are measured m umts of we see from fig. 3 that the nuclear 
energy, apart from smaller orders, is 

{(m* - Mq cos ij;)* 4- (m, sm +)»} = Bo (»»,« + %* - cos <J;), 
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where Ig is the nuclear moment of mertia, and Bg is Thus the energy 

of the gyroscope can be written, to this order, as 

B + Bg {2mjni cos <J;), (1) 

where E is the mean energy of the gyroscope (the average with respect to <{«). 
The fluctuatmg term expresses, apart from the smaller onlers, the energy 
transferred to and from the gyroscope by the nuclei (by a process easily traced), 
causing a fluctuation m its angular momentum component M„ The total 
energy may thus be wntten 

E + Bg(m,*4-»h») (2) 

The three quantum equations, which we have now to apply, were determined 
b\ Kramers and Pauli Both the constants J and Q are quantum numbers. 
As a thud we have the average, with respect to iji, of the component of J along 
the axis OZ. We will call this thud quantum number A, for purposes of a later 
comparison. For our purpose it is oonvement to think of it as defined m this 
vectonal form, rather than in its geometrical form * The expression (2) may 
thus be written 

E-fBg(J* + L7-A*), (3) 

m which has been replaced by L,*, the mean square component of the 
gyroscope’s angular momentum perpendicular to the nuclear axis. We could 
equally well replace it by any of the instantaneous values of L,*, the changes 
only affect the higher orders. 

It must be emphasized that the equation as it stands tells us nothing of the 
quantized energies, for we have not yet shown that B is mdependent of J to 
the accuracy considered That it is so might be guessed from fig 3, con- 
sidenng the quantum conditions, but it must be remembered that a very 

* The surface of constant energy considered by Krumon and Pauli is, as they point out, 
a plate-hke eUipeoid, though ut the present oases their expression (1) does not adequately 
represent the total energy diminished by the constant energy CVI2D (m their units). 
In a case such as fig. 3, the {date has its centre inside, and its penphery far outside, the 
sphere of constant J It mterseots the sphere m two separate curves, representmg two 
entirely separate motions, which happen to have the same total energy and the same J. 
One motion can be obtamed from the other by reversing the direction of the gyroscope’s 
preoesexm (thu is possible in the model), and making adjustments m its magmtude 
and in other quantities, OA u moved to the other side of ON If either of the curves 
cuts off from the sphere an area satisfying the quantum condition, that curve represents a 
quantized state of the model (provided, of course, the other quantum conditions are 
satisfied). 
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small change m M, alters the g 3 rroscope ’8 energy by an amount of the order 
of a rotational energy However, on making a rather more detailed treatment 
of the motion, and applying the quantum conditions, it will easily bo found that 
E 18 mdeed mdependent of J, to the desired accuracy, provided the nuclear 
mass IS large enough to make the nuclear energy small compared with the 
energy associated with M,. The calculation is quite simple if we note the 
orders of magmtude. In applying the third quantum condition we have 
evidently to write an algebraic expression for the component A, taking account 
of terms of the order e (the ratio of the gyroscope’s mass to that of the nuclei). 
Now the whole nuclear angular momentum, say m„, is necessarily perpendicular 
to the nuclear axis, and OZ only makes with that axis an angle of order c, 
hence to express to an order e the part of A due to m, we need only consider 
the principal terms m m„. Also the component of the gyroscope’s angular 
momentum perpendicular to the plane of OZ and its axis contributes nothmg 
to A, and only represents an energy of smaller order than a rotational energy 
(it 18 limited by the rigid mountmg of the gyroscope), so that to our accuracy 
the whole of the gyroscope’s energy (1) consists of the constant part associated 
with Q and the part associated with the main component of M, (the component 
in the plane of OZ and the gyroscope’s axis) Bearing these points m mind, 
the result is easily established 

One point may be notal m passmg , it is evident from the diagrams that for 
a given 12 and A the value which M, must have in the quantized motions 
depends on the angle at which the gyroscope’s axis is mounted relative to the 
nuclear axis To obtain a given precessional velocity m the quantized states, 
we must mount the gyroscope at the correct angle. Evidently if its precessional 
velocity IS to be only a small fraction of its axial velocity, the angle at which it 
must be mounted will not differ very greatly from cos" * A/12. 

As remarked at the outset, we should expect the results to show an analogy 
with the wave mechanics equations, such as Kronig’s (22) We insert there for 
W\ its well-known value B{J(J -1- 1) — A*),* and note that by definition U* 
is B tunes Lf the mean square component of the electronic angular momentum 
perpendicular to the nuclear axis (apart &om a term of an entirely different 
nature, which will have no counterpart m the model) Our J* has become 
J (J -|- 1), correspondmg to the well-known difference between the old and the 
new quantum theories With this change the analogy is all that could be 
desired. In further analogy, we note from fig. 2 that the magmtude of the 
slightly fluctuatmg component of the gyroscope’s angular momentum along 
* In this ezpreauon Kronig used the eymbol K, not J. 
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the nuclear axis w very nearly the integer A, to which it tenda as the nuclear 
masa increases, while the magnitude of L* differs more perceptibly fifom £J* 
All this is exactly as in the wave mechanics, except that again Q* is to be 
replaced by_ fl (£1 + 1). 

To omit U» from the wave equation would evidently correspond to omitting 
fHi* from our (2) or L,* horn our (3). To obtain the higher approximations 
which represent rotational uncoupling (which corresponds to taking account of 
those “ perturbations ” neglected in the approximation (22)) we must, like 
Kemble, relax the rigidity of the gyroscope’s mounting, but the motions will 
not be those which he treated. And if we wish to permit vibration we must set 
the nuclei themselves on springs , in that case to obtain the expression corre¬ 
sponding to Ktonig’s (6)* we must, of course, replace the vibrational action 
integral by the Wentsel-Bnlloum-Kramors senes, of which it is the first term. 

Summary 

It IS shown that the quantized motions which the old quantum theory permits 
in simple Kramers and Pauli diatomic models are not linuted to those specified 
by the ongmal authors The present quantuied motions and their energy 
formulse offer a close analogy to those given by the wave mechames for the 
corresponding molecule. 


Loc. 6i(, p. 82. 
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The Behaviour of Metals, particularly Lead and Bismuth, %n Atomic 
Hydrogen, and aitempts to prepare Atomic Hydrogen from 
Hydrides. 

By Thomas Oibson Pearson, Percy Lucock Robinson and 
Eric Maurice Stoudart, Armstrong College, Newcastle-on-Tyne. 

(Communicated by J Kendall, P R S —Received May 17, 1933.) 

The preparation of free radicals from lead tetraethyl and tetramethyl has 
been described by Paneth and Hofeditz'" and, having fully confirmed their 
work with the former compoundf we sought, at the commencement of 
this investigation, to apply a similar technique to an analogous problem * 
the preparation of atomic hydrogen by the thermal dissociation of metallic 
hydndes Prohnunary experiments on the dissociation of certain of the more 
accessible hydndes showed, however, tliat those of sulphur, selemum, tellunum, 
arsenic, antimony and tm, under the conditions employed, failed to yield 
hydrogen which was capable of rcmovmg even the most sensitive metaUic 
mirror—such a mirror, we had been able to show, disappears quickly and 
completely when atomic hydrogen is present It is really not surprising that 
the hydrogen &om these compounds is inactive since the accepted accommoda¬ 
tion coefficients of the elements mvolvod are relatively low In this respect, 
the hydrides of lead and bismuth promised greater success. 

Hitherto, the hydndes of lead and bismuth have been obtamed only m 
nunute quantities, and have been characterized entirely by circumstantial 
evidence, hence it was necessary to discover means whereby they might be 
prepared on a larger scale Bismuth hydride, as it proved, did not present 
much difficulty, the yields from the dissolution of a magnesium-bismuth alloy 
m acid, although small, sufficed for our purposes On the other hand, the 
results accruing from the whole of our work on the lead compound are so meagre, 
and so dependent on mexphcable circumstances, as to leave a sense of un- 
certamty regaidmg the nature of the traces of lead-carrymg body produced m 
the operations. Neither the dissolution of the magnesium alloy, nor the 
reduction of lead salts by magnesium gave the hydride, whilst a change of the 
alloying metal to hthium, the use of which m these preparations is new, resulted 

* ‘ Ber. deuts ohem Qea voL 62, p. 1336 (1929) 
t • Nature,' vol 129, p 832 (1932). 

T 2 
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in the merest trace of a very impure, volatile lead compound from 20 gm of 
the alloy, and was without promise of yielding either a pure product or a 
sufficient quantity About fifty experiments with the oscillating arc, some¬ 
times m its original form* and sometimes, modified so as to reduce the by-products 
contaminating the Icad-containmg condensate, agreed down to the nunutest 
detail with the recorded observations of Paneth and N6rnng, but, incidentally, 
gave uselessly small yields They found the presence of carbon to be a 
condition essential to the appearance of lead m the effluent gases, and of this 
there can be no question That our lithium contamed carbon, whereas our 
magnesium was practically free from it is also significant in this connection 
From these abortive attempts to obtain load hydride by classical chemical 
methods, attention was turned to atomic hydrogtm as a means of its direct 
synthesis this Schultze and Mullert claim to have effected Early failure, 
on our part, to confirm the results of these workers, directed attention to 
the action of atomic hydrogen on solid elements m general, and the 
behaviour of a number of these in the gas was oxammed Several elements 
which do not react with molecular hydrogen yielded hydrides and new 
and intercstmg phenomena were observed, but despite improved technique, 
neither lead nor bismuth could be induced to form hydrides by this moans 
In the absence of lead hydride the bismuth compoimd was used in the 
thermal dissociations It did not, however, yield hydri^en atoms m detectable 
quantity presumably because their recombination, well known to be entirely 
a surface reaction, takes place instantly on the metal particles formed con¬ 
currently in the dissociation of the hydride Thus they fail to give evidence 
of mdependent existence 

The Thermal Dtasociatum of Hydrides 

The half life period of free methyl and ethyl is approximately one hundred 
times shorter than that of atomic hydrogen under similar conditions of pressure 
and wall-confinement The recombination of the free alkyls is, furthermore, 
a wall-reaction of the same character as that which accounts for the conversion 
of atomic to molecular hydrogen These considerations led to the attempted 
preparation, hcrem described, of hydrogen atoms by the thermal dissociation 
of hydndes Using a technique similar to that employed for the alkyls, a 
number of hydndes borne by a stream of hydrogen moving at a velocity of 
about ten metros per second and at a pressure ranging from 0-1 to 3 mm, 
• Paneth and N6mng, ‘ Ber deuta oh«m Oea vol fi3, p 1693 (1920). 
t * Z Phyii. Cniem ’ vol 6, p 267 (1929) 



277 


Behaviow of Metals tn Atomic Hydrogen. 

were dissociated by heating the sihca tube with a bunseii flame at vanous 
distances £com “ detector mirrors ” of antimony, which was shown to be very 
sensitive to atomic hydrogen Hydrides having two, three or four atoms of 
hydrogen to the molecule, and varymg considerably m decomposition tempera¬ 
ture were used they included the hydrides of sulphur, selenium, arsemc, and 
antimony, and also those of tellunom, tm, and bismuth which were considered 
most promising The hydrides of sulphur, selemum, arsemc, and teUnnum 
gave solid deposits which extended along the tube considerable distances 
beyond the source of heat, but those of bismuth and tin behaved more in 
the manner of lead tetraethyl In no experunent, however, did dissociation 
result m detectable quantities of hydrogen atoms, and none of these mirrors 
showed the sharply defined back edge found when free alkyl radicals are being 
produced The diffuse posterior boundary was taken as additional evidence of 
tile absence of free atoms in the gas stream (This criterion was inadmissible 
for bismuth hydride smee, as is shown below, the metal does not umte with 
hydrogen atoms) 


Atomic Hydrogen. 

Smee the preparation of atomic hydrogen by Wood* comparatively little 
has been added to our knowledge of its reactions with other substances 
Wood, himself, showed that sulphur is converted to hydrogen sulphide, and 
Bonhoefferf described its action on the oxides, sulphides, chlorides, bromides 
and iodides of certain metals and pomted out that the compounds suffering 
reduction to the metal are those which would be similarly affected if heated 
in molecular hydrogen He also showed that phosphorus, arsenic and sulphur 
give hydndes, thereby confirming Wood’s conclusions regarding the last 
element, and that palladium, tungsten, iron, chromium, silver, copper, lead, 
and mercury are unattacked by atonuo hydrogen, but actively catalyse its 
tecombination to the molecular condition. Duane and Wendt^ stated that 
tile gas IS witiiout effect on metalUc bismuth, and Schultse and MilUetf 
deeonbed lead as bemg attacked by atomic hydrogen vdth the formation of 
the hydride, and sought, incidentally, to asenbe Paneth’s free methyl 
phenomena to the formation of atomic hydrogen, tatiier than GH,, on the 
diasooution of tiie alkyl. 

* • Phil. Msg..’ voL 42. p. 729 (1921), ' Proo Roy. Soo A, vd 102, p 769 (1922) 
t ‘Z. Phya. Chem.,’ roL 11.1. p 203 (1924) 
t • Phyi Rev,’ voL 10. p. 116 (1917) 

I • Z. Phya. Chem vd 6, p 267 (1929) 
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The apparatus used by the authors m the preparation of atomic hydrogen 
consulted of a source of hydrogen, moist but otherwise unoontaminated, a 
discharge tube, a replaceable silica workmg-umt and a suitably protected and 
efficient pump system The electrolytic hydrogen employed was washed with 
alkahne pyrogallol, A, fig 1, before use and, in the course of the work, was 
repeatedly tested for volatile metalho impurities, using the Marsh test, after 
it had actually passed through the system It entered the discharge tube by 



way of the capillary tube, B, the rate of flow bemg finally adjusted by the 
tap, C. The discharge tube, D, was constructed m Monax glass and had the 
form shown, the dutance between the pomts of entry and exit of the gas stream 
being 60 cm and the diameter of the tube 1 - 8 cm. The cylindncal electrodes 
wen' scaled into compartments d and di so disposed that material sputtered 
from the electrodes was prevented firom falhng mto the middle portion of the 
tube, there to settle on the walls and serve as pomts catalysmg the association 
of the atoms. The gas, for the actavation of which an alternating current of 
500 mA. at a potential of 6000 v was available, passed firom the discharge tube 
directly mto the clear sihoa working-tube, the precise form of which vaned 
accordmg to the requirements of the mdividual experiments, and thence tno 
the T-tube, F, the tap, G, and the vessel, H, surrounded by Lqmd air, to the 
pumps. The evacuating system consisted of a Kaye annular jet mercury 
vapour pump, backed by a Hyvac. In order to facihtate changing , the silica 
woiking-tubes were incorporated in tlie apparatus by a spigot-joint with the 
discharge tube and by a sleeve-jomt with the T-tube, F, the jomts being sealed 
with pic&n. The central portion of the discharge tube was cleaned, fitom tune 
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to time, by treating it with hot ohiomic-mtnc solution and thoroughly washing 
with distilled water, and, after drying, it was uniformly coated with syrupy 
phosphoric acid. Immediately before attaching the sihca tube, the inside and 
outside of the spigot were smeared with the same material and a layer of it 
was apphed to the inside of that part of the silica tube forming the jomt. 

In carrying out the experiments with metals, a small piece of the pure element 
was placed m a shght depression which had been previously blown m the 
quarts tube at E , and, after the system had been evacuated, sufficient material 
was distilled from the reservoir to give a heavy mirror of metal, 2-3 cm long, 
situated about 2 cm. from the opening into the discharge tube This deposit 
was heated m a current of molecular hydrogen at 0*3 mm pressure, m order 
that a fraction, containing presumably the more volatile impurities, if any 
should be present, might be earned towards the reservoir by the gas stream 
After a second, thorough evacuation, a portion was moved backwards in the 
direction of the discharge tqbc, and the residue was driven with the assistance 
of a current of hydrogen, towards the reservoir by suitably heating the tube. 
By this means, a middle fraction of metal was obtained wherewith to fashion 
the tostmg mirror. This mirror Imed the tube for about 1 mm of its length, 
being rwluced to these dimensions by cutting away tliose portions farthest 
from the discharge tube by aid of a fine blowpipe flame, the metal thus 
volatilized being removed m a stream of hydrogen The operation involved 
repeated spreading and cuitmg and was greatly facilitated by pods of wet 
cotton wool encirclmg the tube at appropriate pasitions Practice enabled 
mirrors of identical size and density to be readily c^onstructed After the 
formation of the mirror, the tube on either suie of it was strongly heated to 
remove metal which had become dispersed m the process, the mirror, itself, 
being protected, meanwhile, by a pod of wet cotton wool, the position of which 
was adjusted so that the flame could be brought, m turn, closely up to each 
edge of the deposit The mirrors were used immediately after preparation as 
a decrease in their activity was occasionally observed on standing. 

The experimental procedure then consisted m adjusting the rate of admission 
of hydrogen so as to mamtain a suitable pressure m the system m spite of the 
withdrawal of gas by the pumps, activatmg the streaming hydrogen by means 
of the discharge, and, thereby, subjecting the mirrors to the action of atomic 
hydrogen Meanwhile, the quartz tube m the region of the deposit was kept 
cool by the usual cotton wool pod The phenomena observed diflered greatly 
from metal to metal, but imrrors of all the elements tned, provided they were 
slight enough, could be made to disappear As, however, some of the metals 
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emploTod were known to poeseaa no volatile hydnde, it was realized that the 
disappearance of a mirror is not, of itself, a sufficient criterion of hydride 
formation, since, as the sequel oonolusivoly demonstrates, it may be due to the 
distillation of the metal by the heat evolved m the combination of hydrogen 
atoms on its surface Such visual observations werS, therefore, supplemented 
by an exammatioa, with the aid of the sensitive March test, of any product of 
the attack condensable at the temperature of hquid air For this purpose, a 
quartz tube of the form shown m fig. 2 a was employed, the mirror occupying 
a position at I, and the reaction products being condensed by immersing the 
U-portion, J, m liquid air. After the passage of sufficient atomic hydrogen, 
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Fio 2 —a, above, 6, below 

the tap G was closed, and ordinary hydrogen was allowed to pass into the 
system until a pressure slightly above that of the atmoqihere was reached. 
The tip of the silica Marsh tube, P, was then opened, the issuing hydrogen 
igmted, and the tube was heated at a pomt immediately before the capillary 
which was cooled by a pad of wet cotton wool to faoihtate condensation of the 
metalhc vapour. At this stage, the condensate m the U-tube was allowed 
to warm up by romoviog the bath of liquid air, any volatile material being 
earned forward to the Marsh tube, where the presence of hydndes was 
disdosed by the formation of depoeitB which were subsequently proved to be 
due to the particular element under test and not to adventitious impunty 
Mirrors of the elements arsenic, antimony, selemum, tellurium, genuamum, 
and tin very readily suffered attack by atomic hydrogen, the first evidence of 
which was an increase in the definition of the boundary of the mirror adjacent 
to the discharge tube This phenomenon was mvanably accompamed by an 
evolution of heat. Opaque mirrors of these elements about 3 nun. m length 
completely disappeared within 0 min. of starting the discharge, even when 
the silica tube was cooled by pads of cotton wool kept at — 10° by means of a 
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calcium chlonde solution The speed of attack was at a minimum with tm, 
and moieased from element to element through the senes, tm, gennamum, 
tellunum, selenium, antimony, arsemc In every case the presence of a 
hydnde was estabhshed by condensing it m hqmd air, and subsequently allowing 
the collected material to vaponxe in a current of hydrogen, whereby it was 
earned to the silica Marsh tube for detection 

With bismuth, mterestmg but completely different phenomena were 
witnessed. Instead of being eaten away in mtu by atomic hydrogen, after the 
manner just desenbed, bismuth mirrors, if sufficiently famt, moved along the 
tube at a rate of approximately 1 cm per minute, becoming, as they moved, 
progressively fainter and, finally, so attenuated as to be invisible Further¬ 
more, all attempts to condense a hydnde were abortive That failure was 
due to the hydnde havmg a boiling point so excessively bw as to prevent its 
retention m the hquid air trap seemed unlikely, m view of the behaviour, under 
identical conditions, of arsine and stibme, both of which are more volatile than 
any hydnde of bismuth The progression of the mirrors along the tube must, 
therefore, be asenbed to the distillation of the metal brought about by the 
heat hberated m the recombination of hydrogen atoms on its surface. This 
view accords well with the observations made on heavier bismuth mirrors, the 
front edge of which, under the influence of atomic hydrogen, became at once 
sharply defined, and following this, a second mirror, very famt at its first 
appearance, began to be built up about two centimetres beyond the sharpened 
edge and contmued to grow at the expense of material denved from the first 
mirror which eventually vanished In the course of these experiments the 
temperature of the quartz tube rose suddenly at the position occupied by the 
front edge of tiie first mirror and remamed sensibly higher than the rest of the 
tube for about 2 cm beyond this pomt an observation which serves to explam 
the gap between the two mirrors where visible deposition was absent, and, also, 
the position taken up, just beyond the warm zone, by the second mirror The 
poBsibihty of these phenomena being due to the formation of a hydnde 
posseesmg so short an average hfe-penod that it travelled only 2 cm., and hence 
existed only 2 X 10~* sec , before dissociating was dismissed as a less probable 
explanation than simple distillation 

It seemed, however, that the distillation hypothesis might best be tested 
by substitutmg for bismuth a metal of similar physical properties, but one 
which was known to form no volatile hydnde under any conditions. For this 
purpose cadmium was selected, and, as had been anticipated, gave results 
which differed only m degree ficom the behaviour exemplified by bismuth; 
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since, whilst cadnuimi has a sioular catalytic activity in regard to the com¬ 
bination of hydrogen atoms, its hydrogen overvoltage (1*134 v) being near 
to that of bismuth (1*080 v ), yet its boding point m vacuo is 643“ lower than 
that of this metal In atomic hydn^en, a fairly heavy cadmium deposit 
caused the hberation of so much heat that the tube became appreciably worm 
m 30 sec The front edge of the mirror turned from block to grey through the 
segregation of the metal from a uniform film into mmute globules, and pre¬ 
sented an appearance, reminiscent of the form frequently assumed by mercury 
mirrors, which was clearly due to the metal havmg reached temperatures m 
excess of its meltmg pomt Followmg this change m appearance, the mirror 
progressed along the tube at an almost uniform speed, which, according to 
observations made on a number of similar deposits, was about 0 75 cm per 
minute. Bismuth mirrors of comparable mtensity moved at a rate of about 
0*36 cm per minute the difference is significant, m that the ratio of the 
velocities Cd/Bi, 2*14, is very close to the reciprocal of the boiling points 
Cd/Bi, 2*21, and supports the ascription of the movement to distillation The 
formation of a second mirror behind the first was also observed with cadmium; 
thus a cadmium mirror, 1*7 cm wide, gave, after 12 sec, a deposit 2*0 cm. 
behind its front edge, that is, again, just beyond the zone heated by the recom¬ 
bination of the hydrogen atoms Once more the second mirror grow at the expense 
of the first and involved its complete disappearance in about 3 min Measured 
by the displacement of the front edge, the total movement m 6 mm was 3 cm. 

It has been recorded, above, that faint bismuth mirrors progressed along the 
tube with a gradual dimmution in intensity until they finaUy vanished and it 
should be pointed out that this observation is compatible with the deductions 
]nst drawn, the vanishing being simply explained by dispersion of the metal 
Faint mirrors are frequently lost from the same cause whilst bemg worked with 
the blowpipe m a stream of hydrogen, and, furthermore, the disappearance of 
both bismuth and cadmium deposits m atomic hydn^n is greatly facilitated 
by shghtly warming the tube externally 

In another experiment, a bismuth mirror, 6 cm long, m a workmg-tube of 
the type a, fig, 2, was subjected for 90 mmutes, m 10-mm. penods with 
3-min mtervals, to the action of atomic hydrogen The discharge tube, as 
judged by control experiments both before and after the run, was yielding a 
high concentration of atoms and thus the conditions must have been good for 
hydride formation During the whole period the U-tube was submerged m 
liquid air, but when its contents were eventually tested m the usual manner, 
no trace of metal was found m the Marsh tube. Moreover, there was no 
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evidence of a metallic hydnde having decomposed m the U-tube since this 
appeared as dean at the end of the expoiment as it had at the beginning. As, 
however, any hydnde formed at I had to pass over a considerable area of metal 
collected about the reservoir L, whereon it might suffer dissociation, and thus 
avoid detection, for the final expenments we used a workmg-tube of type h, 
fig 2, provided with a side hmb wherefrom the metal for the formation of the 
mirror mi^t be distilled. Thus the mam tube was occupied by a single narrow 
mirror which, m the course of a 30-mm. run, moved 9 cm fixim its original 
position Evidently, as was anticipated, bismuth particles are captured more 
readily by a bismutii surface than a sihca one, for a distmct nng was deposited 
on the surface of the U-tube immediately above the level of the surface of the 
liquid air The position occupied by this deposit rendered improbable the 
idea that its presence was due to a localized dissociation, and incidentally a 
similar Ime in the U-tube was obtained by vaporizing metal in the silica tube 
by heat from an external source, so that the phenomena desenbed can only be 
interpreted as supportmg the explanation advanced. 

Sohultee and MhUer, loc cut , desenbed the formation of lead hydride by the 
action of atomic hydrogen on mirrors of the metal In the hght of our results 
with bismuth, this conclusion is difficult to believe smee Paneth found, m aU 
the methods tned by him, that positive indications of a hydnde are much more 
difficult to obtain with lead than with bismuth. From the outset of our 
repetition of the work, it was realized that the yields of lead hydnde, if produced 
at all, would be small and, therefore, every precaution was taken to ensure 
favourable conditions for formation and high sensitivity m detection 

In the first expenment, very faint mirrors, situate 3 cm from the jet of the 
discharge tube, were repeatedly subjected to the action of atomic hydrogen 
over long penods broken only by short mtervak to allow the discharge tube to 
cool somewhat There was evidence of these deposits heatmg up imder the 
attack, but the only change observed after treatment for 90 nun was m the 
front edge of the mirror which became slightly more clearly cut. This tnflmg 
improvement m defimtion was, however, unaccompanied by any recognizable 
movement of the edge or any decrease m the opacity of the mirror as a whole. 
Six ropetitions of the experiment, employing a freshly reconditioned discharge 
tube the efficiency of winch was demonstrated on mirrors of other metals, fruled 
to disclose any evidence of hydnde formation, despite a variation m the 
pressures of hydrogen from about 0-1 mm to 3-0 mm. and a concentration 
of atoms so great as to occasion a segregation phenomenon akm to that 
displayed by cadnunm. The formation of two deposits ringing the tube, the 
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one before and the other behind the original mirror, described by Schultse and 
Mliller, may very well have been a special instance of a similar segregation. 
As, however, the mirrors of Schultze and Milller had been prepared by the 
decomposition of a lead alkyl, smtable modifications of the experimental 
arrangements were made to allow the behaviour of such mirrors to be studied 
Deposits from this source behaved m a manner identical with those prepared 
from metal, and, m particular, gave no evidence of yielding a hydride with 
atomic hydrogen 

For the sake of substantiatmg the evidence, a lead mirror of considerable 
dimensions was subjected to the action of atomic hydrogen for 90 nun, m 
periods of 6 mm , and any volatile product was condensed by means of bquid 
au: and subsequently tested by the Marsh method An exceedingly small, 
very famt stam was observed in the silica Marsh tube, but it was very much 
further from the heated zone than is normal for lead deposits which, m the 
experience of both Paneth and ourselves, are mvanably found very near to the 
pomt of heating Actually, when tested chemically, this stam proved to be 
antimony, due, presumably, to a trace of that element in the lead and showmg, 
mcidentally, the selective nature of the atomic hydrogen attack and the 
sensitivity of the methods employed m detecting hydnde formation Since 
treatment with atomic hydrogen had removed some of the antimony it appeared 
conceivable that m a second run the same mirror might give lees stibme, or, 
possibly, none at alL The lead mirror was, therefore, reactivated by heating, 
without the addition of firosh material, and treated with atomic hydrogen, 
whereafter, the Marsh test was native In these and other runs the U-tube 
was scrupulously examined for any trace of deposit which might have owed its 
ongm to the decomposition of volatile lead compounds during their storage at 
the temperature of hqmd air, but no evidence of this was forthcoming Schultze 
and Muller’s U-tube deposit may possibly have been caused by electrode 
sputtermg, vide supra, but can hardly have been due as they suggest to the 
decomposition of lead hydnde 

A critical examination of the evidence leads to the conclusion that lead 
hydnde is not formed by the action of atomic hydrogen on lead at temperatures 
up to its meltmg pomt; furthermore, that the phenomena deecnbed by 
Schultze and Mttller are not observed when aged electrodes, and pure lead 
mirtois are employed. 

The authors wish to express their indebtedness to the Research Committee 
of this Coll^ for grants which provided the electrical and sihca equipment 
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employed m this research, and lo record their appreciation of the assistance 
rendered by the skilful ^lassblowing of Mr 6 EUison of this Departnirnt. 
Qrateful acknowledgment is made to Capt F P. Mills of the Northumberland 
and Durham Rescue Brigade who generously supplied the hquid air necessary 
m this work. 

A Summary of Couchunom 

1 The experunonts of Panoth on the dissociation of lead tetraethyl have 
been repeated, and the results have confirmed his isolation of free ethyl and his 
value for its average bfe 

2 Atomic hydrogen has not been found in the products of the thermal 
dissociation of hydrides in a stream of hydrogen, at low pressure, moving with 
a high velocity 

3 The formation of bismuth hydride described in the literature has been 
confirmed 

4 The necessity for the presence of carbon m all the methods whereby lead 
hydride has been alleged to be prepared has been confirmed The present 
authors hold the view, however, that further work is impi>rative, which, 
incidentally, should ilemonstrate, the composition of the volatile lead com¬ 
pound, before it can be safely assumed that the traces of material hitherto 
obtained are actually lea<l hydride They exinsider the diminution of the yield, 
following the reduction of the amount of carbon carrying material, needs more 
explanation than it has hitherto rcc.eived, and that the possibihty of the 
observed phenomena arising from compounds other than the hydride has by no 
means been excluded 

6 Atomic hydrogen reacts with a number of elements of the B groups of the 
Periodic Table which do not tombiiie directly with molecular hydrogen , these 
are indicated by heavy type in the Table 
Table 


Op. 4 

Op 5 

Op 6 

Op 7 


N 

O 

Jf 


V 

8 

Cl 

Ge 

An 

8e 

Br 

Sn 

8b 

Te 

I 


6. Contrary to all expectations, atomic hydrogen does not react with either 
of the metals lead or bismuth. 




Perturbations in the Barium I Spectrum. 

By O. O Lanqstboth, Ph.D., 1861 Exhibition Scholar, Rijka Uniretsiteit, 
Utrecht, Holland. 

(Communicated by 0 W Richardson, F R S —Received May 23,1933 ) 

Quantum mechamcs predicts that mutual interactions occur between 
adjacent spectral terms of the same j value ansmg from similar (odd or even) 
electron configurations. These interactions affect both the senes term values 
and the mtensities of transitions from the mvolved levels, and the normal 
multiplet mtensity formul®* no longer hold Theoretically, one expects that 
when such perturbations occur, the mtensityf sum of each enlarged j group of 
the transition array for all the mteractang configurations should be mvanant,} 
t e., equal to the theoretical sum which is obtamed if the mtensities m each 
multiplet be calculated separately for isolated LS coupling. These theoretical 
sums depend on uncalculated parameters (concerned with the radial functions) 
which connect the mtensities m one multiplot with those of another arising 
from a difierent electron configuration, and which must be determmed from 
the experimental data. The adjustment is easily made, however, if there 
exist transitions m each multiplet which are perturbed very slightly or not 
at all 

It has been possible to identify the mteracting terms which mfluence the 
mtensities of the first three multiplets of the diffuse and of the fundamental 
senes m the Ba I spectrum, and to show that for the most part, the expen- 
mental results confirm the theoretical prediction that each enlarged j group 
mtensity sum should be mvariant. Three strikmg exceptions occur, but they 
have an explanation other than a failure of the theory. This agreement is 
highly encouraging m view of the fact that the perturbations are m some 
instances several tunes the normal Ime intensity. For the present, no attempt 
has been made to calculate the perturbation to be expected mmdividual Imes. 
The spm-orbit mteraction matnees, for example, can be determmed,§ but 
owmg to the fact that the parent electron configurations are not known for 

* The Kroniji-Ruswll-Soinmerfeld-Honl formul® since confirmed by wave meohamos. 
Dirao, ‘Ptoo Roy. Soo ,’ A, vol. HI, p. 281 (1926) 
t The ezpcrunental intenuttea with the u* and excitation ooiieotiona apfdied. 
t Harrison and Johnson, ‘ Phys. Rev.,’ vol. 38, p. 757 (1931). 

{ Johnson, ‘ Phys. Rev.,* vol 38, p. 1028 (1031), also Rrinhmian, ‘Z. Phyiik,’ vol. 79, 
p. 703 (1932). 
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all the perturbing terms, calculations which would give a more detaded test 
of theory, are at present impracticable • 

The group of mutually perturbed multipletsf m the diffuse senes consists of 
transitions to the 2®P (6<6p) levels from 4*D (6«6d). 6*D (6«7d), 6*D (6«8d)> 
3 »P (6p*), »D (6(i7«), and an unclassified level at 6688 • 1 cm The 4 * D 
and 6 *D transitions are only slightly perturbed In the fundamental senes 
it consists of transitions to the 3*D (6«6d) levels from 6®F (6s5/), *F (6d7p), 
a »F term at 4661 • 6,4760 • 5, and 4969 3 cm -i. and 4 »F (6«4/), and 6 »F (6«6/) 
While the term value perturbations are felt in the latter two terms the inten¬ 
sities of transitions frrom them show no imtial term perturbations large enough 
to bo apparent 

The perturbations in the fundamental series term values are relatively large 
and all members of the term senes are affected This can only occur if the 
interactions are of electrostatic origin § For reasons to be discussed later. 
It 18 believed tliat the interactions m the diffuse perturbation group are of 
magnetic ongin. 

It IS a general thing in both perturbation groups that the weakest multiplets 
show the largest percentage mtensity perturbations as required by theory 
Configurations with two excited electrons appear to be more sensitive to 
perturbations than those with one electron m the ground state There is 
definite evidence that the 3 ’Ds level is perturbed, although no adjacent terms 
capable of interacting with it are known It may be connected with the 
circumstances determinmg the normal state of the atom (— 5#* 6p*6s*). 

A very striking pomt in the intensity analysis is the manner in which it 
enables us to understand certam apparently anomolous lines m the spectrum. 
A weak multiplct may, by perturbation, have one (or more) of its lines mten- 
sifiod until it becomes strong compared to other Imes m the spectrum, while 
its remaining lines are so weak as to escape notice. Several such “ fragments ” 
must be considered m the present instance Naturally their j values are not 

* Tho wntor is aware of only one oaae in whioh the resulte of anoh oaloulationB have 
been compared with experiment (Kast, ' Z. Physik,’ voL 79, p 731 (1932)) In this 
ease (Sr speotram) only two terms were mvolved and the perturbations were not so large 
as one might wish, m view of the magnitude of the experimental error. There was agree¬ 
ment within the expenmental error. 

t This will be referred to as a “ perturbation group.” 

X Russell and Saunders, ‘ Astrojrfiys. Jvol 61, p 39 (1926). The usual (e g., Fowler’s) 
term values have been increased by 3 umts m aoowdanoe with Shenstone and Russell’s 
suggestim. ‘ Pbys. Rev.,’ vol. 89, p. 416 (1^). 

f Shortley, ‘ Pbys. Rev.,’ vol. 40, p. 186 (1932). 



G. 0. Langstroth. 


known uniquely from their combuung properties, but only as one of two or 
three It has been possible from the intensity analysis to assign themy values 
without ambiguity, to show the source of their “ borrowed ” mtensity, and to 
indicate what their intensities would be if unperturbed. Moreover, from 
similar considerations it has been possible to identify a Ime hitherto unclassified, 
whose intensity is for the moat part the result of the same general process 
These examples serve to illustrate how such data can be used to further our 
knowledge and understandmg of the more irregular spectral Imes. 

A generalised Ritz equation, denved by perturbation theory,* has had 
remarkable success in describing perturbed term value 8ene8,t in the form 

_ R 

where p* is a “ perturbation constant ” which is a measure of the interaction 
of the terra with some other at R, p., and a are constants, and n is the 
senes order number. The very eluant graphical method of determining 
the constants, given by Shenstone and Russell, does not, however, penmt 
one to find small although if v, — is small, tho perturbation effect 
may be appreciable Neglect of a small term m an analjrsis may produce 
a material discrepancy between tho calculated and observed values for a 
particular level while those immediately before and after show good agreement 
This type of " isolated ” discrepancy is well illustrated m the fundamental 
senes, and is satisfactonly accounted for by the above explanation. Tho 
constants for the nFf, 3, 3 senes are given. 

2. Procedure. 

The followmg procedure was adopted m identifymg the interacting terms 
and comparing ezpenment with theory Fortunately, the banum spectrum is 
well known and only very weak Imes have not had their imtial and final term 
values assigned Moreover, as pomted out later m this paper, it is sufficient 
to consider only the tnplet systems. 

A mulUplet is chosen which exhibits departures from the normal relative 
intensity values, eg., 2®P — 6*D. From an examination of all known term 
values in the standard tables| it is possible to pick out all terms, of the same 

• Langer, ‘ Phys Rev ,’ vol. 36, p 649 (1930). 

t Sheastone and RumeJ], loc at 

} Especially “ Atomic Energy States,” Baoher and Goudsnut (MoQiaw-Hill), 1932. 
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kind (odd or even) as the chosen initial term, which lie within a few hundred 
cm firom it. The intensities of the Ixansitions from these levels to the final 
levels {2*P) are then determmed. In the present mstanoe, other important 
transitions &om the mitial levels do not occur. 

In order to test if all the interactmg configurations have been considered, 
the sum rule for the final levels is applied When the final levels are unper¬ 
turbed it IS sufficient that the intensity sums of transitions to them be in the 
ratio of their statistical weights It has lieen pointed out by Bartlett* that 
if some of the imtial levels arise from configurations contammg equivalent 
electrons, allowance must be made for those terras excluded by the operation 
of Pauli’s equivalence principle. In the present work, the sums are still in 
the ratios of the statistical weights after such corrections have been made 
If the sum rule is found not to hold, the discrepancies may be attributed to 
failure to include all perturbmg imtial levels, or to perturbations m the final 
levels. If the latter is so, it can readily be seen from a comparison of the 
intensities of the chosen multiplet (with the known imtial term perturbations 
removed), and the intensities in other multiplets of the same senes which are 
not strongly perturbed m the uutial levels If, however, it is the former, it is 
necessary to extend the measurements to include other transitions from imtial 
levels l)nng at a greater distance from the chosen multiplet imtial levels, or to 
look for umdcntified lines which have sufficient intensity to afiect the sums 

When the measurements are complete, a transition array for all the 
perturbing configurations is drawn up, and the parameters which connect the 
theoretical mtensities of one multiplet with those of another from a different 
electron configuration are adjusted. The guidmg pnnciple is to seek for 
certom unperturbed or shghtly perturbed transitions, which are sufficient 
to fix the theoretical intensities for most multiplets The remauimg 
“ complete ” multiplets can be given rough values from consideration of their 
intensities in general. One can then without ambiguity assign to defimte 
enlarged j groups those “ fragments ” of multiplets (whoso imtial j values are 
not uniquely known), fi»m consideration of the surplus or deficit of the 
experimental mtensity in each group This is possible because the fragments 
m the present case are strong and consist mostly of “ borrowed ” intensity. 
The roughly adjusted parameters can then be finally determmed, thus making 
possible the comparison of each enlarged 3 group sum with the theoretically 
predicted value, and the determination of the mtensity perturbationB m the 
individual lines. 

♦ ‘ Phy. Rev.,’ vol 35, p 229 (1930). 

VOL. OXUI.— A. r 
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3 Expenmental 

For the most part an arc with carbon olectroclos cored with a mixture of 
KCl and BaCl, was used as a source This arc m air gives too much back- 
ground for an accurate determination of relative intensities because of the 
presence of oxide bands. When operated m nitrogen, however, this difficulty 
disappears In genemi arc currents of about 3 6 amperes were used Owing to 
the interference of certain potassium lines this source could not be used for 
measurements of the 2 ’F — 4 raultiplet, but an arc cored with LiGl and 
BaCl, m air wais found to be satisfactory Special precautions had to be 
taken m photographing the 2 *P — 6 ®D and the 3 *D — 6 ®F multiplets. for when 
the arc was operated under the usual conditions, their lines were so broadened 
as to have almost the appearance of bands This broadening mcrcased with 
the arc current and was worse with low concentrations of fiaCl, By mcroasing 
the concentration of the BaClj, and running the arc at the lowest current at 
which it would operate (about 0 8 amps.), it was possible to obtain sharp lines 
The broadening is thought to be due to a Stark effect caused by the fields of 
charged particles m the arc The fact that it depends on the arc current and 
apparently on the ionization potential of the coring material supports this view 
The coring material (KGl) usually contained only 1% BaCl, by weight, which 
corresponds to about 0-2% of banum atoms Smoe no change in the relative 
intensities withm strong multaplets ocouied when the concentration of BaClj 
was moreased to several times this amount, the effects of self-absorption were 
taken to be n^^ligible The final levels he at approximately 13,000 and 9000 
cm.~^ above the ground level. Results of test measurements are contamed in 
the data. 

A standard Hilger El quartz spectrograph with a dispersion of about 
10 A./mm. at X3800 was used. Intensity blackening marks were put on each 
plate by means of a step slit and a standard lamp whose intensity wave-length 
distnbution was known as a function of the current. Exposure times for 
the banum spechrom and the mtensity marks were made equal. For measure¬ 
ments below X4000 A. quartz optics and a quartz standard lamp were used 
The blackening measurements were made on a Moll microphotometer 
The mtensities were determmed from these in the usual way.* Corrections for 
the background were made when it was present by subtracting the mtensity 
of the background &om the mtensity of the Ime plus the background. In the 
few experiments m which overlapping Imes occurred, their intensity curves 

♦ Omstem, Hbli and Burger, “ Objektivo Spektralphotomotne ” (Vieweg), 1988. 
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were (Iptenmned from their photometer curves on a special apparatus,* and 
these were analysed to give the separate intensities in the usual way * 

The strongest lines of strontium and calcium were famtly present on most 
plates, owing to impurities m the arc carbons and coring. The sodium D lines 
were also present Special care was taken to prevent blends from passing 
unnoticed, not only by reference to standard wave-length tables, but by 
comparison with a special control plate This plate was obtamed by photo¬ 
graphing the spectrum of an arc cored with KOI and SrCl, m the ratio 3 • 1, 
which mixture is almost certam to oontam all the impurities present m the 
KCl — BaClj coring. One spectrum on the control plate was strongly over¬ 
exposed, so that if there was a possibility of any blends occurring m the banum 
lines to be measured, it was immediately indicated, in “ matching ” the plate 
with the control plate, Such blends were very rare, and when present are 
noted m the data 

In order to measure arc temperatures, which determine the populations in the 
imtial levels (Boltxman distribution), photographs were taken of the spectrum 
of an arc cored with powdered carbon and the 1% BaCl|— KCl mixture m 
equal parts The relative mtensities of the bandheads of the 0 -*• 0, 1 1, 

2 -»■ 2, and 3 -*• 3, CN bands at X3884 were measured and from these the arc 
temperatures were determmed.t The transition probabilities of the Imes of 
2 'P — 3 were then calculated by applymg the v* and excitation corrections 
to their intensities measured m the same exposures The arc temperature 
for any plate could then be determmed from measurement of the mtensitiea 
of two or more Imes of 2 •? — 3 *P' and calculation from their known transition 
probabilities 

It should be stressed that a specially prepared source is necessary to obtam 
a primary standard of temperature measurement. Temperatures found from 
the mtensities of the CN bands on the usual plates cannot be used, since the 
CN bands and the Ba Imes are radiated from different parts of the arc. For 
example, for one plate the temperature found from the CN bands on it was 
6700° K, while that detemuned from 2*P —3*P' was 3600° K. With the 
specially prepared source m which the coring contains a large percentage 
of powdered carbon, however, it is believed that no senous error is made m 
assuming that the temperatures at which the CN bands and the Ba Imes are 
emitted, are identical. 

♦ Wouda, ‘ Z. Physik,’ vol 79, p. 611 (1932). 

t Omstem and Brinkman, ‘ Proo. Aoad. 8oi Anut.,’ vol. 34, p. 33 (1031). 

^ For the nomonclatiue uaed in this p^ier, see Table L 

U 2 
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Two pmnary temperature determinations were made. The iSrst gave three 
values which differed from the mean by loss than 130° K, while in the second, 
the maximum variation from the mean was 260° K The largest temperature 
correction was about 30% (2 •? — 3 ‘F) 

The experimental error m individual mtensity determinations is lees than 
8% Smce it is more important to know accurately the intensities withm 
the multiplets than it is to know the relative mtensity of one mnltiplet to 
another, more determinations have been made for the former 

4 ResuUa 

In this section are included the results of (») the identification of the inter¬ 
acting terms by the procedure outlmed in section 2 , (b) the mtensity measure¬ 
ments m the diffuse senes group, (c) the intensity measurements m the 
fundamental senes group, (d) measurements of the triplet smgict ratios m 
the fundamental senes; and (e) a term value analysis of the fundamental 
senes using two perturbing terms. 



Fio. 1. 

(o) Fig 1 Interaotmg terms lying near 6’D and 6 *F The 4’Dand6*D, 
and the 4*F and 6*F levds have been onutted m the diagram, although 
intensities of transitions from the former indicate slight perturbations in 
the initial levels. For (a), (6), (o), etc., see Table I. 
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Table I —^Term Yalnes for the Interacting Temui * 



A —Denotes the symbols used m flg 1 

* The usual vslues (e g, Fowler's) have been increased by three units in aceordanue with 
Shenstone and BussoU’a suggestion (iuc r$t ) 
t As nven in Baoher and Qoudsmit’s “ Atomio Unergy States " 
t 1 valoe assigned from the data o{ this paper 

} Found and classified from the data of this paper It is probably a level of the term to which 
2a belongs If so, both are *P levels 

II Found by Shenstone and Russell and assigned to Sd7p 

^ This term has been assigned to fid7p in Baoher and Qoudsmit’s book, but Stteostone and 
RaueU's mure recent assignment has been adopted 

** These terms are included for oompieteiiess, although transitions from them show no 
apparent intensity perturbation due to the group of levels about 5*P 

( 6 ) In Tables 11 to VII are given the results of the intensity measurements 
within the multiplets Table VIII contains the averaged results from which 
the relative intensity of one multiplet to that of another was calculated. All 
values for the mtensities have had the v* and excitation corrections applied. 


Table II.—2»P - 6*D. 
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Table 111—2*P-3»F. 


Temp. 

fume IX 

2^2 
4023 24 

2-v 1 
4380 37 

l-*2 
4001 H3 

1-1 
4808 04 

1-0 
4431 01 

0—1 
4873 38 

4700 

% 

18 S 

12 0 

20 1 

12 0 

17 4 

13 6 

4000 

1 

10 3 

11 0 

2.7 7 

13 8 

17 7 

14 0 

3000 

1 

10 0 

11 4 

28 S 

13 1 

17 7 

13 3 

6000 

1 

18 2 

11 8 

24 2 

12 0 

IB 0 

13 4 

6600 

1 

18 0 

12 8 

24 8 

12 7 

19 7 

12 4 

0000 

1 

18 2 

12 2 

23 4 

13 8 

19 8 

12 9 

3700 

10 

(Averege) 

18 0 

11 0 

20 0 

13 2 

16 6 

13 0 


18 5 

12 0 

24 0 

13 1 

18 6 

13 3 

Theoi^ 


00 0 

22 0 

22 0 

13 2 

17 6 

17 6 


* JTot the reuont for thu aditwlment. roo the disoiiMion 


Table 1V.-2>P - >D'' 



Table V.—2»P - y* 



*-2 

t- 1 

Cono IX. 

4870 67 i 

4402 80 

% 



0 6 

78 0 

28 3 

0 0 

71-8 

28 4 

1 0 

78 2 

24 9 

. 

78-9 

26-2 
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Table VI.—2»P-4»D. 



Table VII -2»P-6»D 



As previously stated, this multiplrt showed Stark broadening if precautions 
were not taken to prevent it As a check on the above maximum blackemng 
measurements the areas under the mtensity curves found with the Wouda 
apparatus were measured and compared The results, as follows, confirm 
the above measurements For X3946 X3948 the mb measurements gave 


Table VIII —^Relative Intensities of the Various Multiplets. 



2 'Pi-S •P', 

2 »P,—*0", 

2»P,-3*P', 

2*P,-»D", 

2*P,-Vt 

2 

2»P,-6*D, 

2»P,-4»D, 

2»P,-6*D, 

0 60 

0 77 

0 86 

0 30 

0 46 




m two instances 22*3 10*3 and 22-4 10*1, while for the same two instances 
the area measurements gave the ratios 22*0,10*2, and 22-3 10*4 

These results are the averages for several determinations From them, it 
18 possible to calculate the intensities of all the measured lines in the same 
units, so that they can be compared The above values have had the v* and 
excitation corrections applied. This table has been used in drawing up Table 
XVII of the discussion, section 6. 

(c) In Tables IX to XIII are given the results of intensity measurements 
within the multiplets Table XIV contains the averaged results from which 
the relative intensity of one multiplet to that of another was calculated All 
values for intensities have had and excitation corrections applied 


TablelX—3»D-6»F 



Table X.—3»D - 4»F. 


Cono/A 

4-e3 
3903 40 

3 — 3 
3990-66 

J-*2 
3936 72 

2 — 3 
3997 92 

i >-2 
3937 88 

2 * 1 
3909 92 

% 

1 

40 8 

3 6 

28 4 


3 1 

10 0 

1 

47 5 

3 6 

28 1 


3 0 

19 4 

0 2 

44 0 

(4 4) 

28 4 


(4 0) 

18 7 

0 2 

47 0 

3*9 

28 7 


3 3 

18 7 

0 2 

44 8 

(5 ») 

28 2 


(4 0) 

18 7 

0 2 

45 0 

(2 7) 

27 0 

— 

(2 4) 

18 7 

Avonbge 

40 6 

3 0 

28 1 

_ 

3 4 

18 0 

TWiry 

40 0 

3 0 

28 0 

0 10 

3 0 

18 9 


The bracketed value* are meaBuroment* on weak intenuty plate* where the plate grain effect* 
are felt In the very weak line* 'rhia account* for tiielr variation* 
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Table XI -3*D - 6*F. 



4-e3 

3-*3 

3-*2 

2-1.3 

2->2 

2-el 

Cone/A 

3420 32 

3421 01 

^378 98 

3421 48 

3377 40 

33M 80 

^ 1 

Average 80o^ 

40 0 

3 0 

27 8 

1 8 

4 3 

17 5 

Theory 

40 S 

3 a 

28 0 

0 10 

3 6 

18 0 


This multiplet like 2 *P — 6 ®D showed Stark broadening unless precautions 
were taken to prevent it Due to the small splittmg of the initial levels, 
Imes ending on each final level were not separated on the photometer curve. 
In order to obtain maximum blackening measurements of them the composite 
mtensity curves had to be analysed, and separated into their component Imes 
To provide a check on the work the area under each composite intensity 
curve corresponding to all transitions to a final level was measured. The 
intensity ratios for the sum of the transitions to each final level were then 


Table XII --3»D - 



Table XIIT —3»D - »F". 


dj 

Cone/A 

4-1.3 
3080 00 

3-*3 
3810 98 

3-*2 
3081 94 

•A - 3t 
3839 72 

3-v2t 
3089 90 

2-el 

3068 68 


33 

38 

10 



10 


33 

•15 

IB 

— 

— 

14 

Average | 

33 

38 

18 

- 


1 


t These lines were too weak to measure The multiplet mtensities are in general, weak, and 
the background oorreotiona wore large. Accordingly tho intensities in this taUo are not as 
accurate as those in the previoas tabiM 
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calculated &om the m b. measnrementa, and the two sets of values were com¬ 
pared. The area measurements gave the following ratios for the intensities 
of transitions ending on the j = 3, 2 and 1 levels , 53 *7 30 8.17’3. The 
ratios calculated from the analysed lines in Table XI are 51 .3 32*1 17 5 
which IS in satisfactory agreement. 


Table XIV —Relative Intensities of the Various Multiplets 


3 ‘U.-S % 

3*D,-»F'4 

3 

3 *0,-0'F, 

3*D,-4*F, 



3*D,-«»K, 

0 41 

0 63 

j U 12 

U 80 


This table has been used m drawing up Table XIX m the discussion, 
section 6 

(d) The intensity of the smglct relative to the total intensity of the 
correspondmg triplet in the fundamental series is given in three instances m 
Table XV, in the column headed “ Ratio ” The singlet series given by 
Shcnstone and Russell (loc. ct^.) has been used and excitation corrections 
have been applied 


Table XV —Singlet-Tnplet Intensity Ratios (DF Senes) 



(e) The following term analyses using two perturbing terms have been made 
for the reasons given m the discussion. Shenstone and Russell’s analyses 
with one perturbing terra are also given 


5 Thtowtwn 

From the results of (6) and (c), section 4, it is possible to draw up transition 
arrays for the perturbed configurations m the difiuse, and m the fundamental 
senes perturbation groups This is done in Tables XVII and XIX, in which 
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the inteiuitieB of all measured lines are comparable Estimated mtensities 
of other lines (adjusted to the same scale to make them comparable with the 
measured results) have been included in the tables for the purpose of showinj; 
that those transitions which have not been measured and which should stnctly 
be considered in a test of the theory, arc so weak that they cannot appreciably 
affect the experimental sums 

Table XVI —Constanta for Langer’s Formula for the n *P term values • 

sF, »F. «F, 

Author S and R Author iS and R Author 8 and B. 

4000 S 4000 A AS21 2 0621 2 A797 3 S797 3 

4tMl H - 47AO 0 4900 3 — 

-32 7 -33 30 - 12 I -20 A -28 

-OAO — -040 - 038 ~ 

- 0 19tl3 - 0 1880 - 0 1905 0 19«1 - 0 1930 0 1034 

8 lA X 10-* 8 13 X 10 ‘ 8 00 ^ 10 • 8 010 10 • 7 10 X 10-* 7 23 X 10"* 

uF^iwidoalii -tl.(-l). -l.(-19), - l.(-2).0.(-l). - 3, ( 3), - 4 ( -A), -3,(-S) 

• l.(-l), l.(-l). 0.(0), 0,(0), 2.(2) 

aF,r<Mdaalii-4). (-1), r„. r„, 0. (-1), - 2. (0), 0. (2). - 1.(0), 1 (I), -2,(-2), -2,(-2)i 
-l.(-l). 0,(0) 

uFiReidiuhi 0(0), -1,(0), -1.(0). 2,(2), 1,(1), 8,(8), -l.(-l), -1,(-1) 

8 sod R — Shenitono and RumeO 

* Uauai term valuM inoreuwd by thrcu unit« 

tHesldaalii ualcnlatod using iSheroitnne and Russell’s nonstants am given in brarlieU 

In both transition arrays the triplet intensity sum m each enlarged j group, 
theoretically should be “ mvanant ” to at least the degree to which the experi¬ 
mental values are known. For instance, m the diffuse sOnes array (Table 
XVII), an examination shows that the three known mtercombmation lines 
are weak and cannot matenally affect the intensity sums, and that strong 
singlets (singlets of “ perturbing ” configurations are not known and are 
therefore extremely weak) have their imtial levels at large distances from the 
nearest “ perturbmg ” terms of like j value (1300 om ' * for ) 

Following the procedure of section 2, we apply the sum rule for the final 
levels of the diffuse senes peiturbatidh group to test wheUier all mteracting 
terms have been considered The intensity sums of the tnplet transitions 
to 2*P|, 2*P| and 2*Po (excluding 2*Pi — y, which will be dealt with later) 
are 473, 268 and 90-5, in the ratio 6-1 2 9 0-98, This agrees withm the 
expenmental error (3%) with the ratios of the statistical weights of the final 
levels, and therefore all important perturbing configunttons have been con- 
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Table XVU.-Diffuie 


XnitUl leveU.* 





0 




1 






•8' 

•P' 

*9 

»P' 

4*D 

S*I) 

6*D 

«D" 

*9 

0 

2*P 

- 

- 

- 

42 4 

(40 0) 

36 6 
(41 2) 

3 31 
(5 03) 

4 96 
(*•«») 

4 19 
(0 98) 

a 


2‘P 


[3] 

- 

- 


- 


~ll] 

- 


2‘P 

- 

30 0 
(40 0) 

8 50 

29 8 
(30 0) 

fi 

(30 8) 

3 00 
(3 77) 

4 45 
(3 52) 

4 22 
(0 72) 

" 

2 

2«P 


_1 


oeo 
(60 0) 

(^0) 

(o“26) 

(o“24) 

(O^OS) 

• 


The nteunred mtenfutiee uo gmn ebuvo the throretietJ valuofi (or uoUtod term in LS coupling which ue oonUined 
La the tuuod ( ) biuckele 

• fntttai Configuration 

«47<(-+8‘D, 5*D 

dp*->.'S','D', •P' 4*D 

M7» -► ‘D", 'D" ««M -» 6 'D, «•!) 

t ynal Coi^ratum. 
mp-*2<‘P, 2‘P 


sidered Including 2*Pi —gives a ratio somewhat nearer to the ratio 
6:3 1 The sum rule still holds if 3 *P— 4 *D and 2 *P — 6 *D are omitted, 
but smce they show shght perturbations in some of then lines for wbch no 
other explanation has been found, they have been mcluded m this perturbation 
group. Two lines m these multiplets are blends and their mtonsities cannot 
be measured However, smce appreciable perturbations in these multiplets 
are rare, and smce those which occur are small, the error in the sums introduced 
by assuming these imes to be of uoimal intensity is very small. It is also 
a fortunate fact that both blended Imes are weak transitions m their respective 
multiplets. 

The hist step in adjusting the parameters which connect the theoretical 
intensities of one multiplet with those of the others, is to make the theoretical 
values for 2 *P,—6 *D, and 2 *P, — •!)", equal to their reepective expenmental 
mtensities (Table XVII). This adjustment is possible because the separation 
of 6*Dg and *D", is great, and there are no other perturbmg j = 3 levels near 
It fixes the theoretical intensities for 2 *P — 6 *D and 2 *P — *D", and a con¬ 
sideration of the agreement with theory of the other Imes m these multiplets 
confirms the adjustment. Naturally, the 2*P, — 4*Dj and 2*P| —6*D| 
transitions may also be taken as unpertuibed so that the theoretical parameters 
are adjusted for all except 2*? — 3*F, and the " fragment ” with the imtial 
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27 4 
(.50 0) 

86 7 
(92 9) 

4 08 
(11 .3) 

0 40 
(10 6) 

3 28 
(2 18) 

36 6 


- 

- 

- 
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~ 

- 

~ 

42 1 
(160) 

29 2 
(30 S) 

12 8 
(3 77) 

B 

(3 82) 

6 20 
(0 72) 

ino 

179 

(173) 

21 3 
(21 1) 

20 0 
(19 7) 

4 04 

(4 04) 


a Denote! e lino expected but not found and thcrofoie extremely wtek 

— Denote! a line forbidden by the i Mlootion rule, or an mteroombmation which w not found 

[ ] Eatimated inteniity 

w Denote! a line too weak to appear on the plate under the ordinary oondltioni of meanuemont. 

B Blend aa Indicated in (6), lection 4 

r, t, t Small theoretical intenaitiea which are eatimated in the ducuwion 

6, e, i Since the triplet aumi are expected to be meanant, we are not directly concerned with theao hnea. 

level A rough adjustment can be mode for the parameter of 2 *P — 3 *P' 
(actually 2 ‘Pj — 3 *P'o was made equal m theory and expenment) A com¬ 
parison of the theoretical and expcnmontal mtensity sums in each enlarged 
j group can then be made, omitting the strong transitions from q^, the level 
of unknown j value. It is found that m J,* and J,* the expenmental deficits 
are about 96 and 37, while m Jg* and there are surpluses of 2 or 3 Since 
we expect that the transitions from are lines of a weak multiplet greatly 
strengthened by “ borrowed ” intensity, it is at once obvious that the only 
place these transitions can fit is in Jg* and Jx*. This fixes the j value of 
jx without ambigmty. The parameter of 2 *P — 3 *F is then finally adjusted 
by making the theoretical mtensity sum in Jx^ equal to the expenmental sum, 
and calculatmg in this way the theoretical value for 2 >Px — 3 *P'x. This fixes 
the intensities for this multiplet and completes the adjustment of the para¬ 
meters. 

It now remains to compare the theoretical and expenmental intensity 
sums in each enlarged y group. The expenmental sum Jx** shows a deficit of 
25% This group contains only 2*Px — 3*Fg and there are no known 
transitions fixim adjacent levels capable of perturbing it. If its mtensity has 
been “ loaned,” then the line which has " borrowed ” it must be mcluded m 
the array. A oaieful examination of my plates showed only one line m this 
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region at X4600, for which the initial and final levels were not known, and 
which had sufficient intensity to account for this beliaviour. All other lines 
were either identified, and if so it was known that they could not perturb, 
or were so faint that they could not account for the discrepancy in the Ji“ 
sum If X4600 belongs in Jj®, its initial level is at 7654 cm. which is just 
118 cm ' * from 3 so that a large perturbation is practically certain More¬ 
over, it 18 in a reasonable position for the j = 0 level of the term to which 
belongs On this evidence, it is believed that X4600 is 2 - q„ and has 

iM'en inserted as such m the tables It follows that and are and 
*Po levels 

It IS now fiossible to test the theory by comparing the theoretical and 
experimental sums in each enlarged j group The results are given in the 
following table. - 


Table XVIII —Comparison of Theoretical and Experimental j Group Sums 
(Diffuse series) 


(Enlarged j Group. 

Kxponmenl 

Theory 

- 

Ji’ 

224 

218 


Jt* 

193 

l89-(-» 


•fi’ 

166 

167 + r 

r~0 


91 

92 


J|' 

72 

69 



66 

60 


Ji* 

38 6(+3) 

40-1- t 

t~ 1 


Examination of the table shows that the intensities of the transitions from 
q^ and if unperturbed (t e , s, r, () are very small, bemg less than the error 
in the J group sums This was just what was expected m order to account 
for the absence (extreme weakness) of the other linos of the multiplet The 
soureos of the borrowed intensity are apparent from Table XVII TMe 
XVIII thmeg the agreement vnth theory to be surpruvngly good in mew of the 
comphcaled nature and of the magnitude of the perturbations In all except 
one case (J,^) there is agreement within the error of measurement (3%) 

The general procedure of section 2 is also followed m the fiindamental 
senes group Here, however, the sum rule for the 3 ‘Dj, 3 >D, and 3 *Di final 
levels gives the ratio 8-0 5 0 3'0, when all the measured tnplet transitions 
are included The 3 ‘D — 4 *F and 3 ‘D — 6 *F multiplets do not show any 
apprecuble perturbation which can be attributed to the levels wboh perturb 
5 *F. The sum rule for the final levels applied separately to the transitions 
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from 4 *F, 6 “F, and 6 ‘F levels with the known initial term perturbations removed, 
gives respectively the ratios, 7*9 5 0 3-0, 8 5 5 0 3*0 and 8 5 5 3 2 9. 
The fact that these ratios are similar shows that none of the perturbing terms 
considered is responsible for the excess of intensity of transitions to 3 
If it were due to other unconsulered initial levels they would have to be 
situated similarly for each term m onier to produce similar perturbations in 
each multiplet No levels capable of doing this arc known Moreover, when 
the theoretical parametiTs are adjusted, as in Table XIX, the Jg*, Jg® and Jg* 
intensity sums all show a surplus of experimental intensity These circum¬ 
stances lan only arise from a perturbation in tlie final levels, although no 
adjacent terms capable of causing such perturbations are known Because 
transitions to the 3*Dgand 3®D| levels appear to be normal, it is thought that 
the perturbation is in the 3 *Dg level That the 3 *Dg and 3 levels should 
be each perturbed in exactly the right manner to make them appear relatively 
normal, is a comcidenc.e that appears highly improbable The adjustment of 
the parameters m Table IX has been made accordingly 

There is no apparent reason why the 3 ’Dg level should be perturbed The 
mtorval ratio for the 3 ®D term is greater than 3.2 instead of less as it should 
be if the perturbation wore duo to a repulsion from terms higher in the energy 
diagram. It may be connected with the fact that m buildmg up the Ba atom 
two 6« electrons are added to the Xe configuration, while the first 5d electron 
IS not added until the next element La 

Examtnat%<m of Table XX shows theU there w agreement wUh the theory 
vnthxn the expenmental error of measurement for all transUxons not xnvolvxng 
the 3 ’Dg levd. The latter j groups show in all cases a surplus of expenmental 
intensity. It is not, however, a true dxsagreement xnth theory but rather xs due 
to the effect of unconsxdered factors, as has been poxnled out The source of the 
intensity “ borrowed ” by 3 ®Dg — ’F'g is obviously 3 *Dj — 5 “Fg and when 
this IB “ restored ” the former has an intensity oomparablH with the other 
Imes of its multiplet (see Table XIX) 

A very elegant graphical method for determining the constants in Longer's 
equation for the term values has been given by Shenstone and Russell The 
observed quantum defects multipbed by (vj, — Vg), the separation of the 
“ perturbed ” and “ perturbing ” levels, are plotted against v„ for all the 
levels of a senes, and the perturbation constant ^g is given by the intercept 
of v„ = Vg with this curve. This enables one to find ^g when it is large but 
not when it is very small, owmg to the small scale necessary, and to the errors 
inherent m graphical methods. It is possible, however, for the perturbation 
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Table XIX.—Fundamental 


loitiiaLeTeli* 





1 




2 





} 


ip- 

ip- 

■P. 

•D' 

ID' 

»p' 

•D' 

i'F 

8»P 

6'F 


•F" 

, 

3'D 

tl] 

_ 

HI 

[»] 

„ 


[IJ 

48 S 

12 8 

4 11 

» 

0 66 






(46 8) 

(12 8) 

(4 20) 



i 

3'U 

~'r 

[2] 

10 2] 

to 2] 

"liT 

[1 0) 

_ 


-1 


— 

' _ 


3*1) 

— 

[0 3] 

[1 6] 

[0 3] 

111 

[1] 

[0 3] 

8 4 

2 U|i 

1 0 

a 

a 

_1 




(8 8) 

(2 4) 

(0 78) 



3 

S'D 

-i 


' _ 



[1 «1 

[0 2] 

Vf 

w 

0 42 

~~a~ 

a 

J 

j 
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X given above the theoretioal valoee for uolated LS couplmg which aie oontaioed ii 

* Inittal Cmfiguratunu 
6*F. 

-* D', F), *{P', D', F') Bj«/ -> 8 >F. 6 'F 




term Pj/'** — v, to be appreciable even if Po is very small, t.e., if (v„ — Vj) 
IB also small Under tiiese ciroumstanoes neglect of the small Pp term leads 
to poor agreement with experiment for the level near Vp, but does not 
appreciably aSect the agreement for other levels of the senes. Such a case 
occurs in the fundamental senes which has been analysed by Shenstone and 


Table XX —Comparison of Theoretical and Experimental ) Qroup l^ums 


(Fundamental Senes} 


Enhuged; Qrunp. | 

Kzporiment 

Theory 


68 

94 

J|* 

12 3 

11 8 

J,* 

64 1 

64 

J»* 

166 

136 

J.’ 

16 6 j 

11 8 

Ji* 

(0 42) ^ 

(0 02) 


Kussell using one perturbing term The analysis in Table XVI is given to 
point out how a large “ isolated ” discrepancy in the calculated values may be 
explamed; S'Fp is an example, and the corrected value is given; 9*F, is 
possibly another example of the same thing The oorreobons involve the 
recalculation of the constants for all three senes nFp, nFp and nFp. The 
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Senes Feituibstun Group. 
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4‘F 
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Z 3 
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19 2 
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10 8 
i(8 0) 

12 1 

2 1 


a Denotea a lino oipnctod but nut found and therefofa very weak 

— Denotca Una forbidden by j aeiectiun rule, or an intareumbuiation Uno whioh u not found 
u Deuotea a lino too weak to appear on a plate under ordinary conditiona of moaiuiement 
[] Kitimatod intensity 

i Cnnectod lower Umit as explainod in (d), section 4 
f One third of the unpertnrb^ tnpfet intcnaity 
{{ PoBuhly a blond with a faint lino ae indicated in (r), section 4 
r, a, t, u, 1, z Theoretical mtensitiee normally eery weak 

small Py’s were found by trial and error, but the trials can bo made so that the 
approximations converge rapidly to give the best agreement with experiment 
Langer’s formula may be expected to hold only so long as the perturbation is 
small compared to the distance between the perturbed and perturbmg levels, 
the ratio of the latter to the former is about 3 1 for this. This is apparently 
withm the region of validity, for the formula describes the term value senes 
surprisingly well 

1 have found the perturbation constants in Langor’s formula by the graphical 
method, for the terms which perturb the diRuse senes mtensitics They are 
all very small if not zero, so that the interactions which afEect the intensities, 
do not affect the senes term values to any extent Smee the mam term value 
perturbations in the diffuse senes near 2800 cm and 1400 cm.“i (probably 
6d4/) are due to terms whose precise values are not known, no analysis has 
been made 

It 18 possible to draw some conclusions from the data ooncenung the 
nature of the mteractions m the diffuse, and m the fundamental series groups. 
Shortley (toe. cU) has pomtod out that magnetic interaction between two 
configurations con only occur if the » value of at least one electron in each 
is the same. The mteractions in the fundamental senes are then obviously 
of electrostatic origm, for terms ansmg from 5d7p (and the other unknown 
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configuration) interact with terms arismg from the dsnf configurations, and 
perturb the whole series of term values. 

On the other hand, m the difEnso group the term values series show little 
effect of interaction with the terms which perturb the intensities .Moreover, 
it appears to be a general thmg that perturbations of clretrostatic origin occur 
only between terms of the same L and 8, as well as J value, for Russell and 
Saimders coupling This rules out the |K)ssibility of the interaction being 
electrostatic An examination of the electron configurations involved (Table I) 
shous tliat all terms, including 4®D and 6*1), an* enviable of mteracting 
magnetically with some other term in the perturbation group It is therefore 
believed that the interactions arc of magnetic origin 

The followmg observations have been made While the term value 
perturbations due to the ®F' (and *F") levels are strongly felt both m 4 *F and 
6®F, the intimsity perturbations due to them in the corresponding multiplets 
do not appear to be appreciable As shown by the behaviour of the doubly 
excited configuration U'rms in the diffuse senes group, infimsitieji of transitions 
from tenns of this type appear to be more sensitive to perturbations than those 
from terms of singly excited configurations The weakest multiplets show the 
largest percentage mteasity perturbations as required by theory, os reference 
to Tables XVII or XIX shows 

The measurements of the triplet singlet mtensity ratio have been given 
(Table XV). Wlien departures from extreme LS coupling are not great 
(when there are no mterexiinbination lines), and when tliore an' no {lerturbations 
due to neighbouring terms, the total triplet intensity is expected to be three 
tunes the corresponding singlet intensity The results show that there are 
departures from tins rule in the fundamental senes It is difficult to trace 
the causes for this, for the singlet sene-s as well as the triplet senes is perturbed 
by adjacent terms One thmg can, however, he said m general, and that is 
that the smglet mtensity fimcls to bo too large (Both the tnplet and singlet 
DF transitions are too strongly perturbed to he of much value in ihscussing 
this point) There arc no iuteicombin.itiuu lines to account for it The 
followmg circumstances may, however, provide the correct explanation 
Randall has found the combination 4 ®D — 4 ®F with some mtensity m the 
mfra-red, but I have not been able to find m his papers* any reference to 
a line at X15,375 w here 4 — 4 is expected It may be that if the mtensity 

sum of 3®D — 4®F and 4®D — 4®F (for example) were compared with the 


‘ Astrophyg. J ,’vol 34, p 1(1911), vol 42. p 196(1916). 
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intensity of 3^D —4^1', which has no corresponclinK strong transition 
4^1) — 4 'F, the expected result would be obtamed. 

In conclusion, I wish to express ray thanks to l^rofessor L S Ornstein for 
discussion, and for many suggestions I am also indebted to Mr G 0 Zaalberg 
for assistance in cnTr3nng out some of the expenmeutal work, and to the Uoyol 
(’oiiiinis'iion for tlie Exhibition of 1851 for the award of a scholarship. 

Summary 

(1) It has been possible to show that the large dop.irturos from tho normal 
intensities wliicli (x-cur in «*prtam banum uiultiplcts are duo to interactions 
of “overlapping” electron configurations, and to identify tho mutually per- 
turbeil tx'rms 

(2) The method by which this is done is described Tho intensity measuro- 
ments include transitions to the 2®P levels from 4 ®J), 5®D, 0®D, 3®P' and a 
level at 6688 1 (in and to the 3 ®D levels from 4 ®F, 5 ®F, 6 *F, ®F' and ®F", 
which form the two perturbation groups For the nomenclature, see Table I 

(3) Tho ratio of the singlet to the total triplet intensity has been obtained 
for the first three members of the fundamental senes 

(4) An arc in nitrogen was used, for tho most part, ns a source Special 
precautions were taken to render the effects of self-absorption negligible, and 
tests were made to show that this was so 

(.5) The multiplots ansmg from 6 '*14 and 6 ®F showed pronounced Stark 
broadening under ordinary coiubtions of arc current and BaClg concentration 
The method used to obtain suitable conditions is deacrilied 

(6) A method of measurmg the arc temperature which corresponded to the 
temperature of the region from which the barium lines were emitted is given 

(7) The intensity sum of each enlargiMl j group in tho transition array for 
each perturliation group usually agrees with tlio theoretically predicted sum. 
Where this is not so, it is shown that other factors enter, so that the dis¬ 
crepancies are not ” real ” disagreements with the theory 

(8) Examples of how such measurements can be used to assign definite 
j values, and to classify certain “ irregular ” lines, are given. The presence 
of certam “ fragments ” of raultiplets is oxplamed 

(9) The perturbations m the diffuse senes are probably of magnetic origm, 
while those in the fundamental senes are certainly of electrostatio origm. 

(10) There is defimte evidence that the 3 ®Dg level is perturbed, but no 
explanation has been found. 
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(11) An explanation is offered of the occurrence of certain “ isolated ” 
disagreements in term value anal}rae8 by Langer’s formula An example is 
furnished in the fundamental series analysis which has been made for two 
“ perturbing ” tonns 

(12) The ratio of the singlet intensity to that of the corresponding tnplet 
in the fundamental senes is too large. An explanation is offered 

(13) Some general observations on the perturbations are made 


Interference Due to Walls of a Wind-Tunnel 

By L Rosenhead, Ph D , Professor of Applied Mathematics, The Umversity, 
Liverpool; Fellow of St. John’s College, Cambridge 

(Communicated by H G Glauert, F118 —Received May 23, 1933 ) 

1. Introdvelton 

This paper arose out of a discussion with Mr. Glauert on the validity of certain 
results on wmd-tunnel interference given m a recent paper by Theodorsen,* 
and 1 am greatly mdebted to him for several very valuable suggestions. 
In his paper Theodorsen investigated, on the lines of the approximate theory 
laid down by Glauert,f the interference factors due to rectangular tunnels in 
the following five conditions (1) tunnel entirely encloswl, (2) free jet, 
(3) horizontal boundaries only, the vertical sides being free surfaces, (4) 
vertical boundaries only, the horizontal sides being free surlaces, (6) bottom 
boundary only, the remammg sides being free surfaces Apart from one or 
two nunor errors, Thcodorsi’n’s paper has to face a more senous objection 
on the score that the approximate method employed is not always valid 
This objection to the approximate method was raised rather briefly m a previous 
paper,^ but at that tune all the cases discussed, using the approximate method, 
were those duo to Glauert, and they were such that the approximate method 
did not come into conflict with the exact theory The more complicated 

* ‘Nat Adv Ctoe for Aeruoautica,’ No 410 (1031). 

■f “ Aerofoil and Airscrew Theory,” p 189 (1830), or ‘ Aroo Res. Cttee Kep and 
Mem No 867 (1923) 

t • Proc. Boy Soc.,’ A, vol. 129, p. 135 (1930). 
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method was, however, of some practical importance as it enabled additional 
refinements to be introduced mto the numerical evaluation of the interference 
factors, and it enabled Glauert* to show that there is an appreciable drop m 
the mterference factor m the Duplex Tunnel (height/broadth equal to one half) 
as the span of the aerofoil increases Some of the cases discussed by Thcodorsen 
an* such that they must be considered acconlinR to the exact theory. Tlie 
crux of the matter is as follows — 

The basis of the theory of wind-tunnel mterference is due to Prandtl.f and 
he mvestigatoil several cases himself On the assumption that trailing vortices 
spnng from the aerofoil and extend downstmam without distortion, Prandtl 
showeil that the whole problem can be converted mto one dealing with the 
flow m a transvcrsi* section of the wake far behind the aerofoil, the necessary 
boundary conditions bemg that the velocity potential is constant over the 
surface of the free jet, and the stream function constant over the rigid boundary. 
The theory was extended by Glauert and others,J and applied particularly 
to tlie e^ase of the small aerofoil m a rectangular tunnel When the aerofoil 
IS very small the exact distribution of vorticity is not of extreme importance 
as, to a lu’st approximation, they all give the same result The simplest case 
18 that of “ uniform vorticity,” and far downstream an aerofoil of span ‘2s 
IS n*prcscnted by two lino vortices of strengths ± x at the points ± « In 
onlcr to satisfy the boundary conditions appropriate “ imago vortices ” are 
mtroduccil, and the interference velocities inside the wind-tunnel are those due 
to this image system In order to calculate the mterferonei' velocities it is 
necessary to differentiate at some stage or other, an appropnate complex 
potential function, and m the approximate theory this fundamental complex 
potential function is of the form 

w = nJ» = -^Iogn(2-zJ, (1) 

where the infinite product 11 contains n factor (z — z„) corresponding to every 
positive vortex, and a factor l/(z —z,) corresponding to every negative 
vortex. The function 11 (z — z,) is, however, not absdutdy convergent, and 
extreme care has to be taken m the differentiation, integration, approxima¬ 
tion, etc. In determining the interference velocities by the approximate 
method the expression dw/dz (= « — iti) is first formed, and the resulting doubly 

« ‘ A«to. Rea Ctee. R. and M ,’ No. 14S9 (1932) 

t ‘ GOtt Naoht.,’ p 107 (1919) 

{ Glauert, loc eU, and also * K. and M Noa 14S3, 1470 (1032); Terazawo, * Rep Res. 
Inst. Tokyo Imp. Univ ,’ vol. 4. p 60 (1928); Roaenhead, loc cU 
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infinite aenes is summed by an approxiraato methml From the nature of the 
summation, it might be expecteii that in some cases this doubly infinite series 
will not be absolutely convergent and will have no ‘ sum ” in the usual sense of 
tile word—m fact, different groupings of the terms may give different sums 

If, however, each factor of the infinite product n is multiplied by an appro¬ 
priate exixmential function so as to ensure the convergence of the infinite 
product without introducing additional zeros 

«’=-^loRn|(l-J)exp(l-f^^)J, 

we obtain an expression i^hich is the logarithm of a quasi-doubly ]X!nodic 
function If that part within the square bracket lie tTcat«l as one unit, the 
V) function is absolijlely convergent, and it can be differentiated and have its 
terms rearranged m any way without altering the convergence or the sum 
Further, the mtroduction of the exponential factors does not alter the nature 
of the flow This is the basis of the exact theory, and when it was applied to 
the cases investigated by Olauert, his results emergisl as first approximations 
of the general expisissions and there is no question as to their validity. Some 
of the series given by Thcodorsen are not absolutely c.onvergent and have no 
“ sum ” All his cases have, therefore, been re-examined, and the results are 
given below 

2 Tunnel Enttrdy Enclosed (Sj) 

This cose has been mvcstigated previously by Glauert (loc cU ) and Kosenhoad 
(loc c%t ), but the results may be summarized briefly as follows Let h and b 
be the height and breadth of the tunnel, X the ratio A/6 The boundaries arc 
Imes X = d: A/2, y = ± A/2 and the seim-mfimtc trailing vortices i x are at 
the points x = ±8, where 2s is the span of the aerofoil The total lift L 
experienced by the aerofoil in free air can be expressed m cither of the following 
forms 

L = 2spVK = kj,pSV\ (1) 

where S is the area of the aerofoil, p the density of the medium, V the velocity 
of the aerofoil, and Al the lift coefficient. The symbol C(=A6), the cross- 
sectional area of the tunnel, will also be used. 

The complex potential function w{— <f>+ iiji) must have loganthnuc 
singularities at the vortices and must have <); constant over the boundaries. 
The image system is therefore as shown m fig 1, where -{- denotes a positive 
vortex pair, thus (T* "*5, and — denotes a negative vortex pair, thus *5 (T*. 
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Thorp arc pasitivc vortices &t z ~ amb-\r i2nh, z — — s-\- mb 1 (2n 4-1)A, 
and negative vortices at z = — a [- »n6 4- i2h/i , z~ a mb )-i(2n+l)Ai, 
where tn and n asstimo all jxisitivo and negative integral values from — oo 
to + 00 , and we arrive at the umque expression 

“ 471 * (z + ajh) (z - sjb)' 

IK , ■&! (2 — «/2tA) 4>a(2 + al2ih) 

~ 4^ ;4,(z + */2iA) &j(z-s/2iA)’ 

where q — exp (—27tX) m the first exprossion and — exp (—77/2X) in the 
second one It might be noted that this pair of expressions, and similar pairs 




occurring later in the paper, are connected by the “ Jacobi imaginary trans¬ 
formation ” (The notation used for the quasi-doubly periodic 9- functions is 
that of Tannery and Molk “ Fonctions Elliptiques ”) 

Since the span is small the interference velocity over the aerofoil is assumed 
to be equal to that at the origin, and therefore. 


JL ,b \ 

27s 6 9i(s/6) a k 


K »'Aal2ih) (2iA)1 

" 27r(2iA) L9,(«/2 iA) 9i(«/2iA) ^ a J,.' 


(3) 


If Aa and Aij, are the corrections to be added to the wmd-tunnel observations 
of angle of incidence and drag coefficient, wo have, accordmg to the usual 


formula. 


In the present instance we denve a first approximation to value of 8 
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in the closeil tunnel) by neglectmg second and higher powers of a in equation 
(3), and we get 


14-9'’- 


xL24'^r 


(4) 


(4a) 

(4b) 


Equation (4a) is useful for numerical evaluation when X> 1, and (4n) when 

X<1 

3. Free Jet (8j) 

In this case the images an' as shown in fig 2, and the distnhution is positive 
vortices at « = « 4 * 2ot6 4- i«A , s = — s -f- (2»» 4- 1) & 4- iwA , and negative 
vortices at s — — s 4* 2in6 4* ! s =r * 4- (2»* -|- 1) ^» 4" 

The appropriate w function is 



where 9 = c and 9i — e *'/*, so that the real part of w is constant over the 
surface of the jet, and by repeating the process of the previous section we get 


Sj = — ttX 


ji+s-fciL] 

[24^ e'*' 


=:_!Eri4.2i:_£_^1 

xll2^ e*''/*4-l-l’ 


4. HonzonUil Boundaries only, the Verttcal Sides being Free Surfaces (Sj). 
The images are as shown in fig. 3. There are * positive vortices at 

2 = s + 2m6 4 - i2mA , * = — « + ( 2m 4- 1)6 -t- i2nA, 

2 = « 4. (2m 4-1) 64* I (2n 4-1) A; * = — « -H 2m6 -f t (2n 4- 1) A, 
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and negative vortices at 

z = -s + 2 mb+ < 2 nk\ 2 = s + (2m + 1) 6 + i2«A, 

2 = _ i (2m 4-1) 6 + i(2n + 1)A, 2 = « + 2mi + i (2n + 1)A. 
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l<'io 3 —Horizontal bouiuliiricfl only, Iho Hiilra being free Burfaocs Interference 
factor 5, 


A w function with the appropriate Hingulantics is 

(2+s/26)ft,(2-s/26) [z+sm 1 
4 n *L»,(2+«/26)»,(2-ff/26)»,(2+s/26)»4(2-s/26)J,,,-*’ 

^ « wf ^i(^-«/2ift)^i(g+»/2tA)»a(2-s/2A)&4(2+s/2iA) 1 

47t »i(24-«/2ift)fI,(2-s/2iA)&,(2+»/2A)&4(2-8/2iA)J,.-.-*/^’ 

but it 18 not untque This can be seen as follows —If Wi (=^i 4- iij;,) is a 
complex potential function satisfying the following conditions. (1) positive 
vortex at 2 = «, (2) negative vortex at s = — « , (3) i}*! constant along 
y — ±hj 2 ; (4) ^ constant along ® = ±6/2, then u» = tCi 4- A2 will also 
satisfy the conditions if A is a purely real number. The number A is deter- 










314 


L. Rosenhead 


mined by the condition that aa b and h become infinitely large the equation (1) 
should reduce to 


After some calculation it is found that A is equal to zero, and ultimately 


3 — TtX dl ^ ■ 


lap-n 1J ’ 


xl24 C<«p-1)»/A_|_ 1 I 


( 2 ) 


and m particular S3 0 when X — 1 


6 Vert-tml Boundaries only, the Horizontal Sides being Free Surfaces (S4) 

The system is shown in fig. 4 There are positive vortices &tz = s ■\- tnb \-vnh, 
and negative vortices at z — — s-{■ inb inh, so that a complex potential 



F 10 4 —Vertical boundaries only, the other sides being free surfaces Interference 
factor S 4 


satisfying the conditions of the problem, namely, loganthmio singulanties at 
the vortices, iji constant over the Imes a; = ± 6/2 and <fi constant over the 
Imes y = ± A/2, is given by 


«7i = 


47ir * #1 (z 4- «/6) 


( 1 ) 


As m the previous section this function is not umque, for 


w = iTi 4- iBz 


(2) 




Interference Due to WaUs of a Wind-Tunnel. 318 

will also satisfy the conditions if B is a perfectly real number The quantity 
B IS determmed by the condition that the system reduces to 


when b and h become infinib'ly large The «*flect of the term tBz is to super¬ 
pose a velocity (—B) m the y-dircction and to alter the momentum of the 
whole system The momentum of the fluid within the region a: = ± 
y = ± IS 

M, = jj ixirdy -= j^J 1 


= — <f>- | a 1 


From (2), however, the value of w on the line y = is 




. .‘1 log [ - + iB* - ABA 

4Tr ^ oxp E- Ht (® -h ir/6)](s -|- »/6) ^ ^ 


\26 2 / 47t * fl-4(a:-l-»/6)’ 

where -r, the ratio of the ponods of the functions, is equal to Jijb, so that 




As A and 6 become very big the quantity [«rs — BAA] must tend to the momen¬ 
tum associated with 


and it must be independent of the way in which A and A tend to infimty This 
momentum is obtained as follows 
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2 — « == re**, z s — fiC**', 

where 

4 - ri*=(j: + «)* + y®. 

0 = tan~^ y/(® — «), 0j = tun“* yj^x + «), 
and then the velocity potential at the point z, is 

^ = ^(0 — 6j) = -^rtan”*—2-tan“* — 

471 47tl- X~ 8 -C -h 


If the polar co-ordinates of the point z are R and e, we get 
^ 47c R* - s* 


when R is very big in relation to «. Hence the momentum of the system is 


where we have integrated along a line parallel to the ^-axis, from — co to + « 
If now we put a: = R cos e, we get 


M' — Lt r (— R Bin z dt) sm c 
B-+« J, 7tR 

= f sm* zdt— |ic» 

7t Jo 


[»cs — BA61 -*■ 


and must be independent of the way in which {hb) tends to infimty Therefore 


where F is a non-dimensional function of h and b, that is a function of (A/6), 
which tends to the linut 1 as A and 6 become infinite, and yet is independent of 
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the manner m which h and 6 tend to infimty. There is only one possibility 
and that is F = 1 The final result is therefore 






47s + ^2A6 

ue — s/iA ) _ ues 

4n (z + s/iA) Wb *’ 


where g = «“'* m the first expression and in the second This 

leads to the result 

, TtX 


S4--i + ^-27rX2:-3j^^, 

= i — IL —£—, 

* 12X^ X «»'/*_!’ 

aud in particular S 4 = 0 when X = 1 




I-.~i-1-- 


/► + n I - 




( 10 ) 


Fig 6. —Tkittom Ijoundary only, the ntlMraidea being fn-e uiirfoeea Interference 
faetor 8, 


6 Bottom Boundary only, the remaining sides being Free Surfaces (Sj). 

The vortex configuration is shown in fig. 6. There are positive vortices 
at:— 

3 s + 2»t6 + i4nA s = s + (2ni + 1) 6-f t(4n + 2)A 

2 = - s + (2m + 1) 6 + i4nA 2 = - « 4- 2mA + i(4n 2)A 

z = s + 2mA + i(4n + l)A z = « -f-(2m + 1)6 f i(4a + 3)A 

2 + (2m 4- 1)6 + i(4n 4* 1)A z = - « 4- 2m6 f i(4» 4- 3) A, 
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and negative vortices at points obtained by putting —s for s in the above 
expressions The complex potential function is 

-^log[FFJ,.,.s.A. 

where 

j, ^ »i (z — s/26) l>,(z + a/26) »a(z — g/2fe) ^4(3 + sjZb) 
l>i {z + s/2b) (z — s/26) Os (z + s/2b) (z - s/26)’ 

^ »,I'i 1^*- h, >.(> s i i- }.) 

M J I'li - hi».1-1 


The velontv nt the origin z — 0 m 


1 Ell 

Itt I F ' Fj J 


but the value of F',/Fj at z ^0 is of tliesetoml oider m 
be iiogli'cted Finally we get that 


■ :77 + 2 


^2 UP ItirA j_ I j 


- JL Fi- — V (2p- 1) I 

■"4X1 21 M I’ 

- i6's(2X), 


and can therefore 


(1) 


and in p.irtic iihir -= 0 wlien X = 0'5 
The results are embodied m the following table - 


X - hilj I 



(I 250 I 
» 5.13 ' 

0 51M) 

1 000 

2 000 

3 000 

4 (Kill 


8 . 8 , 


1 Kiy 

0 524 
o J93 
0 274 

0 5il 
0 7S'i 
I 047 


-2 018 
2 0114 
-1 047 
-0 780 
0 524 
-0 274 
-O 274 


-0 324 


I «m I -2 l(i8 

1 047 I 1 844 

0 521 I —0 707 

O Wl 0 045 

O 250 - 0 274 

O 000 0 000 

-0 250 O 274 

-0 301 0 635 

-0 524 0 7117 




0 077 
0 000 
0 125 


Fig. b shows these results in diagrammatic form. 
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7 Glauert's Getieral Theorem on Wtnd-Tumtel Interference 
The results obtained m the previous pages concerning the values of Sj, 83 
and S4 for small aerofoils are covered by Glauert’s general theorem on wind- 
tunnel mterference, and ar«' m complete agreement with it The thcoroin* 
as ongmally stated is “ The interfereme on a very small aerofoil in an open 
tunnel of any shape is of the same magnit iide, but opposite in sign, os that on 
the same aerofoil, rotated through a right angle, m a closed tunnel of the same 



Fia 6 —Diagmm Hhowiiig the vnriiitioii of 8 with > ([hcight/brewlthj of tunnel) 

shapi',” and it was prove,il for wmd-tunnels which were either entirely closeil 
or entirely open The result of this pafior is to show that the theorem is true 
also, m the particular cases considered, even when the tunnel is partially 
“ closed ” and partially “ open,” and Mr Olaucrt has stated in a recent letter 
that an extension of his method proves the following more general theorem •— 
“ The interference on a very small aerofoil in a tumicl, whose boundaries are 
partly ngid walls and partly free surfaces, is of the same magmtudo but opposite 
m sign, as that on the same aerofoil rotated through a nght angle m a tuimel 


‘ K and M No. 1470 (1032). 
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of the same shape as the previous one but where rigid walls replace free surfaces, 
and free surfaces replace rigid walls ” 

From this it becomes immediately clear that 

8 ,(X) = -Si(l/X). S,(X) = -S,(1/X), 8«(X)==-S4(1/X). 

and proves incidentally that 8,(1) = 84(1) = 0. In Theodorsen’s paper 
84(1) was not equal to zero, and it was this fact which led Mr. Qlauert to suspect 
the validity of his results 

8 Summary 

This paper discusses the validity of the approximate method of deterimnmg 
the interference on aerofoils due to wmd-tunnels The correct solutions of 
various cases recently investigated by Theodorsen are given and are illustrated 
by diagrams and tables 


The Inelastic Scattering of Slow Electrons in Gases —III 

By F H NicoLii, M Sc, Trinity College, Cambridge, 1851 Exliibitioner, 
University of Saskatchewan, and C B O Mohr, BA, M Sc, 1861 
Exhibitioner, University of Melbourne 

fCommunicated by Tjord Rutherford, 0 M , F R S —Received May 23, 1933 ) 
IiUrodueMon 

The subject of electron scattenng m gases has received considerable attention 
within the last four years, and the very interesting results obtained have 
greatly assisted the wave mechanical study of collision processes The 
investigation of the angular distribution of the scattered electrons has proved 
particularly valuable The elastic scattenng* has been studied systematically 
m a number of gases over a wide range of velocities and angles of scattenng 
The inelastic scattering, however, has not been so exhaustively studied, the 
measurements in general being limited to small angles of scattenng (less than 
60“) and to high velocities of impact (above 50 Volts) Recently Hughes and 
McMillent have mvestigatcd the melastic scattenng of 26-, 36-, and 60-volt 

* V<ir a list of all tho papers on thu subject, tads dulds and Massey, * Pioo Roy 800 
A,vol Ul.p 473(1938). 

t ‘ Phys Rev vol 41, p. 39 (1932) 
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electrons in hydrogen for angles of scattering between 10° and 166°; the 
curves were found to rise slightly at large angles. Tate and Palmer,* and 
Hughes and McMillenf have measured the angular distribution of electrons 
which have been ejected from the atom with only a few volts energy; the 
curves obtamed were on the whole fairly flat, although the latter observers 
find in some experiments sharp peaks at large angles. 

In two previous papers, { the angular distnbution of melastacally scattered 
electrons which have lost a discrete amount of energy were mvestigated in 
several gases for large angles of scattering, and for electrons with energies 
greater than about 40 volts At large angles, diilraction maxima and minima 
were found similar to those which occur for the elastic scattermg, although 
the similanty between the two sets of curves was less marked at the lower 
velocities The present work was therefore undertaken to investigate this 
more mtoresting region While the previous apparatus proved entirely 
satisfactory for the purposes for which it was used, it was found that at low 
velocities, troubles due to mtensity and “ background ” indicated that it was 
desirable to construct an apparatus in which every possible precaution was 
taken to avoid these difficulties. 

In the present paper, experiments on the melastic scattering are described 
in which the measurements were extended down to about 3 volts above the 
excitation potential of the gas atom, and over the angular range 10° to 166° 


Descrtplwn of the Apparatus 

The apparatus used m these experiments is shown in fig 1 The end view 
of the apparatus is similar to that of the previous apparatus as shown in 



♦ • Phys. Rev.,' vol. 40, p. 781 (1082). 
t ‘ Phya. Rev.,’ voL 89, p. 686 (1832), vol 41, p. 89 (1932). 

X I, ‘ Pno. Roy. Soo.,’ A, vol. 138, p. 229 (1982); H, t&tii, p. 469. 
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fig. 1a of I. Tho essential parts of the apparatus are the cylindrical chamber 
C in wbch the electron colliaiona occurred, and the analyser A m which the 
scattered electrons of various energies were separated 
The electron gun G consisted of a filament and case containing two slits 
6 mm. apart, the outer sht being 1 ‘ 1 X 6 mm and the inner sht 0*47 X 6 mm ; 
the gun was supported by the ground-glass joint D and so could be rotated 
about the axis of tho scattering chamber. 

The electrons scattered at the centre of the collision chamber C passed through 
two silts, Si (0 27 X 8 mm ) m the side of the cyhnder K, and S, (0 • 4 X 6 mm.) 
on the front of the analyser about 7 mm distant from Sj The electrons then 
passed between tho curved plates of the electrostatic anaijrser A, and finally 
entered the Faraday cylmder F through a slit (06x6 mm}. 

The apparatus was designed so that the chamber containing the analyser 
could be evacuated to tho lowest possible pressure, while a considerably higher 
pressure of gas was maintained m the scattenng space To accomplish this, 
the inner part of the large ground-glass jomt J was extended inwards, and a 
taghtly-fittmg copper can K shpped over this extension The pumping speed 
was sufficiently great to mamtam a large pressure difference between tho two 
sides of the slit This arrangement has great advantages over the usual 
method in which a sealed-m “ pumpmg sht ” separates the scattenng and 
analysmg chambers Tho final ahgnment of the sht 8i, when the apparatus 
IS evacuated, may easily be effected by optical means, using the light from the 
filament of the gun, and when this was done it was found that maximum 
intensity of scattered electrons was secured The copper can K could easily 
be removed m order to replace the filament 
The analyser A was constructed from two cyhndrically-curved plates, 0 ■ 4 mm 
thmlr and 3 cm wide, accurately turned from a piece of duralumm, these 
plates were held a umform distance of 1 *3 cm. apart by two thm side plates of 
copper screwed to the duralunun by small screws, and insulated by means of 
small pieces of thm mica. The inner surfaces of the curved plates of the 
analyser had radu of 2-6 and 3-8 cm. respectively 
Tho Faraday cyhnder F was rigidly supported inside a copper shield by a 
small piece of quartz tubing Q, tho copper case being attached to one end of 
the analyser. The lead B to the Faraday cyhnder passed inside a metal shield 
H to a tungsten-glass seal The complete analysing system was supported 
within its glass envelope by two rigid copper rods R, which screwed into the 
two plates and were hard-soldered to 1 mm. tungsten wires at the other end. 
In Older to assemble the apparatus, the analyser was passed through the 
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large ground ]omt, and when approximately in position the rods R were 
screwed tightly mto the plates. The analyser was then firmly supported by 
the thick tungsten leads L m such a position that the plane through the axis 
of rotation of the gun and the front sht of the analyser was perpendicular to the 
front end of the analyser The glass was then sealed on to the two tungsten leads 

The electrical connections were the same as m fig In of 1. The sht S,, 
the copper plates on the two sides of the analyser, the Faraday cyhnder case, 
and the metal shield H were all connected together electrically and earthed. 
A suitable potential was usually placed between the shts Sg and m order to 
accelerate electrons entering the analyser to such a velocity that the earth’s 
field had no appreciable effect on the path of the electrons m the analyser. 
A retardmg potential of a few volts was placed between the Faraday cyhnder 
and its case m order to reject slow secondary electrons from the sht of the 
Faraday cyhnder case and elsewhere. The number of stray secondary electrons 
was reduced by sootmg aU surfaces with which electrons were likely to come 
into contact. The current collected by the Faraday cyhnder was measured 
by the rate of dnft of a Compton electrometer workmg at the comparatively 
low sensitivity of 600 divisions per volt. 

The apparatus was connected, as shown m fig 1, through a short length of 
6 cm. tubmg to a largo steel hquid air trap placed immediately over a four- 
stage mercury pump backed by a Hyvac oil pump The hquid air trap was 
designed so as to permit maximum pumpmg speed consistent with the mam- 
tenance of a low pressure of mercuiy vapour m the apparatus With this 
arrangement it was possible to use pressures of gas as high as 10~* mm. Hg m 
the scattenng chamber, while the analyser could be mamtamed at a pressure 
of leas than 10"® mm. Hg 

The whole system—scattering chamber and analyser—was enclosed m a 
pyrex vessel, and the whole apparatus, with the exception of the ground joint, 
could be baked at a temperature of 460° in order to remove mercury vapour 
and outgas the metal parts of the apparatus. 

The dimensions of the shts in the apparatus and their separations were such 
that the angular resolution was higher than that obtamedin the previous appara¬ 
tus, while the velocity resolution of the analyser was approximately the same. 

The procedure was essentially the same as described m I and the same 
tests were made on the working of the apparatus. In jparticular the test of 
proportionahty of the scattered current to the pressure of the gas was repeated 
carefully, since the absence of gas in the analyser permitted a more satisfactory 
test to be made. 
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ReatiUs. 

The investigations consisted of measurements of the angular distnbution 
of scattered electrons which have lost a discrete amount of energy m raising 
the atom or molecule to the most probable excited state The mam melastic 



An^e of scattering: 

Fia 2 —Inelaatio scattering in hydrogen-Theoretical ourres 

losses in hydrogen, helium, and argon correspond to energy losses of 12-6, 
21*1 and 11 6 volts respectively. 

(a) Hydrogen and Heltum —The curves obtained for the small and large 
angle scattermg m these two gases* are given m figs. 2 and 3. The scattered 

* In I, a curve was given for the inelastic scattering of 60-volt electrons in hehum which 
showed a slight maximum at 100° Thu was not confirmed in the present work m which 
the readings at these small intensities of scattering were much larger and mine acoorate. 




SoaUering of Slow EleUrons in Gases. 325 

intenmty falls off very rapidly with increasing angle at the higher velocities, 
and so cannot conveniently be plotted on the same scale over the entire angular 
range mvestigated Theoretical curves are also shown for purposes of com¬ 
parison, the two sets of curves being arbitrarily fitted together at one point 



Values of the scattered mtensity at various angles are also given* m Tables 
I and II. 

* The values given in the tables are taken horn the curves for oonvenienoe in tabula* 
turn, nnoe the experimental readings were taken at slightly different angles at the 
different voltages. The relative intensities given by the tables and onrves for the 
different voltages are not to scale 
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Table I.—Hydrogen. 




The form of the curves for hydrogen agrees quite well with that given by 
Hughes and McMillen (loo. oU.) for electrons of 26-, 36- and 60-volts energy, 
although there are slight differences at the smaller angles of scattering. 

(b) Argon.— Aagai&T distributions of electrons scattered inelastioally in 
argon are illustrated m fig. 4 for small angles, and m fig. 6 for large angles of 
scattering, while the corresponding curves for the elastic scattering are also 
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given for oompariaon. In addition, theoretical curves are given in fig. 4, and 
values of the observed scattered intensity at different angles in Table lU. 
Hughes and McMillen* have given curves for the inelastio scattering of 100- 
volt and 00-volt electrons m argon for angles between 5° and 30°; theur curves 



are leas steep than ours. As pointed out in 1, it is possible to explain the 
sunilanty between the elastic and inelastic scattering at large angles on tiie 
basis of double collisions, m which a large angle elastic collision is followed by 
a small angle inelastio collision with a second atom, or vice vena. This point 
* ‘ Phys. Rev.,’ voL 38. p. 685 (1832). 
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wu tested more thoroughly with the present apparatus, since the tests were 
not oomphcatod by the presence of gas in the analyser. The occurrence of 
doable scattering may be disproved by showing proportionality of collected 
current to gas pressure. Tests were earned out at 110° for the melastio scatter¬ 
ing of 40-volt electrons. No departure from single scattering was found for 



pteesures as high as eight times the pressure at which the anguUr distributions 
were obtained (about 0*4 x 10~* mm. Hg.). Further, the ratio of the mtensities 
at the maximum and minimum, at 110° and 86° respectively, remained exactly 
the same when the pressure was mcreased to the value referred to above 
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Table III —Argpn. 
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(about 3 X 10“* mm Hg). If there had been any trace of multiple scattermg 
at the lower preasures, the ratio of the intcnaity at the maximum to that at 
the minimum would have mcreaaed towards the much greater value obtamed 
for the elastic scattering curve Agam, smce the rise m the 40-volt melastio 
curve near 160° is of about the same magnitude as the rise m the elastic curve, 
then, if the former were due to multiple scattering, the maximum at 110° 
would also be of the same magnitude as in the elastic ctrve. These arguments 
seem to mdicate that the results for the melastic scattering are duo entirely 
to single scattering m the gas. 


In discussing the results in the light of theory, it is oonvement to tzeat the 
small and the large angle scattering separately smce different effects are 
involved in each. 

In the figures, the small angle scattming is compared with that obtamed 
theoretically by the use of Bom’s formula * It is seen that the agreement 
with the experimental inelastic scattering curves is quite close at small angles, 
and even at voltages near the excitation potential. The small angle elastic 

* To obtain these theoretioal onnres for hydrogen and helium, the well-known atomic 
wave funotione were need (Massey and Blohr,' Proo Roy. Soo.,’A, vol 132, p. 60fi (10S1)), 
while for argon approximate wave fnnotfcms for the initial and final states were obtained 
by the nse of simide rules given by Slater (* Fhys. Rev.,’ vol. 36, p. 07 (1930). 
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Boaitonog onives m aigon, however, are very mach steeper than predicted by 
the simple Bom formula. This effect has previously been pointed out for the 
elastic scattering m hehum* and m argonf by Hughes and McMillen, they have 
shown that agreement with Bom’s formula is reached only for electron energies 
of over 400 volts This is m strong contrast to the inelastic scattenng. 

At large angles, Bom’s theory gives an angular distnbution falling off 
monotonically to smaller and smaller values. As we have seen, however, the 
angular distnbutions exhibit maxima and minima for the heavier elements, 
or are fairly flat for hydrogen and helium, the cause of both effects bemg the 
same. 

The similanty between the inelastic and elastic angular distnbutions may be 
explamed on the basis of double collisions with the same atom, thus an 80-volt 
electron passing through argon may undergo an inelastic collision with an 
argon atom, bemg m all probabihty little deviated by the process , this electron, 
now possessmg 68 *4-volts energy, may be diffracted before it has left the field 
of the atom as if it were an mcident electron of 68‘4-volt8 energy Since the 
velocity of the mcident electrons is large compared with the excitation potential 
of the atom, the large angle elastic scattering of the electrons by the excited 
atom will be similar to that by the normal atom, smce the scattermg cornea 
mainly fiom the inner shells, as was shown in II. Now the reverse process 
may also take place in which the large angle elastic collision occurs before the 
small angle melastic collision with the same atom The distnbution of the 
inelastic scattering of 80-yolt electrons at large angles would thus show the 
characteristics present m the distnbutions both of 80-volt and 68‘4-volt 
electrons scattered elastically m argon. 

At lower velocities, however, the energy lost m exciting the atom is com¬ 
parable with the energy of the mcident electrons, and the scattenng by the 
normal and by the excited atom is no longer similar, the outer shell of the atom 
now bemg effective in the scattermg, the diffraction effects m the inelastic 
angular distnbutions therefore begm to differ from those appearing in the 
elastic angular distributions. 

This idea of double collisions with the same atom also accounts for the 
fact that the angular distnbution of the elastic scattermg is much steeper at 
small angles than that expected &om the Bom theory. The mcident electron 
first makes an melastic collision (probably with httle dev^ition) m which the 


* ‘ Fhjn. Rev.,’ roL 41, p. IM (1932). 
t • Phys. Rev.,’ voL 39, p. 685 (1982). 
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atom ia laised to an excited state: the atom then returns to its normal state 
and the energy is transferred back to the electron before it leaves the atom. 
The electron thus leaves the atom with its original energy, but the distribution 
of the scattering of such electrons at small angles will be similar to that for 
the melastic scattenng, and will thus be steeper than that given by Bom’s 
formula for the elastic scattenng This explanation has a theoretical basis.* 
In short, one may say that the initial and excited states of the atom are closely 
coupled together, so that the melastic and elastic angular distributions tend 
to follow each other at all angles. 

The results for hydrogen and hchum are of special interest for theory, as these 
light atoms are, of course, most easily treated It has been foundf that the 
effect of electron exchange is of fundamental importance m explaining certain 
peculianties—^in particular, the appearance of a pronounced Tninimnni — 
which occur m the angular distribution of the elastic scattering m hehum at 
qmte low voltages. Similar calculations| for the case of the melastic scattenng 
of 33-volt electrons m hehum reveal peculianties m the angular distnbution if 
exchange is taken mto account, but if the effect of exchange is not mtroduced, 
the angular distribution obtained is mote nearly like that obtamed expen- 
mentally. This seems to indicate that the effect of exchange on inelastio 
collisions IS over-estimated by the present theory, this is further evident from 
the fact that the calculations mdicate too large values for melastic cross-sections 
at low velocities, especially for the cross-section for tnplet excitation which 
can occur only by electron exchange While the theory is admittedly not 
very accurate at such low velocities, m any case it seems likely on general 
grounds that if the contnbution to melastic scattenng due to exchanged 
electrons is comparable with that due to non-exohanged electrons, peculianties 
will appear m the angular distnbutions of slow melastically scattered electrons 
]ust as they do for the elastic scattermg The fact that the observed angular 
distnbutions for electrons with energies close to the excitation potential do 
not reveal any peculiar features seems to mdicate that electron exchange 

probably does not play any important part m melastic scattering for the 

excitation of optically allowed levels. 

A puzzlmg feature, however, is that while the distnbution of the inelastio 
scattering at small angles (between 10® and 30®) is given fairly well by Bom’s 
formula and is larger than predicted by the latter at large angles, the observed 

* Massey and Mohr,’ * Froo. Boy. Soa,’ A, vol. 140, p. 613 (10S3)- 
t Eadem, ‘ Proo. Roy Soo.,’ A, voL 136, p. 289 (1932). 
t Sadtm, ‘ FMo. Roy. Soo.,* A, vol. 189, p. 187 (1938). 
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total oroeuHKction ia smaller tlian that given bj Bom’s formula at low velocities. 
Thu might be accounted for if the inelastio scattering at even smaller angles 
(less than 10°) were much less than given by Bom’s formula Alternatively^ 
it IS possible that the absolute magnitude of the observed scattering u less 
than that given by the theory, although the form of the curves is the same 
at small angles. 

Experiments are m progress with other gases. 

In conclusion, it u a pleasure to thank Lord Rutherford and Dr J. Chadwick 
for their mterest in the work. 


Summary. 

An apparatus has been oonstmcted, similaT to that described m a previous 
paper, but specially designed for work with electrons whose energies he withm 
a few volts of the excitation potential. Results have been obtamed for the 
inelastio scattering of electrons in hydrogen, hehum, and argon, the results 
covering an angular range of 10° to 166° and a range of seven voltages between 
about 80 volts and about 3 volts above the excitation potential. 

The curves for the melastio soattermg m argon show diffraction effects at 
large angles which are similar to those which appear in the elastic scattering, 
but which disappear as the energy of the electrons approaches the excitation 
potential of the gas. The curves for hydrogen and hehum do not exhibit any 
unusual features for low velocity electrons, and the significance of the curves 
IS discussed. Unlike the elastic scattenng, the inelastic scattermg at small 
angles (between 10° and 30°) is seen to agree m form fairly well with that 
given by the Bom formula down to relatively low velocities. 
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An X-Ray Study of i^-Diphenylbenzene. 

By Lucy W. Pickbtt, M.A, Ph D 

(Commumcated by Sir Wilbam Bragg, 0 M , P R S —Received June 2, 1933 ) 

There have been very few complete stmeturo determmations of aromatic 
compounds which contam more than one benzene nucleus Robertson* has 
recently presented oonclusive evidence that the anthracene molecule is a 
planar configuration of carbon atoms 1 41 A apart. Dharf has shown that 
the molecule of diphenyl consists of two planar hexagons of carbon atoms of 
a spacing of 1'42 A with a probable distance of 1 48 A. between the nuclei 
The present paper describes the analysis of a compound contammg three 
benzene nuclei, p-diphenylbenzene (GigH24)4 hy other investigators 

upon the crystal form or structure of this compound have been found 

ExpenmetUal. 

p-diphenylbenzene, a colourless substance meltmg at 211°, was obtamed 
from the Eastman Kodak Company and punfied§ by repeated crystallization 
from benzene and spectroscopically pure hexane. It crystallizes from benzene 
m thin plates and from alcohol m mmute monoclinic tablets which exhibit 
{001}, {110} and occasionally {201} forms. The followmg angles were measured 
with the reflectmg gomometcr :— 

(110) • (lIO) = 69° 30' 

(001): (110) = 88° 61' 

(001): (201) = 71° 34' 

Examination with the polanzmg microscope showed that the crystal is 
biaxial and optically positive The (010) plane contains the optic axes; 
the acute bisectrix which is the vibration direction of the slow ray, is m the 
direction now known to be that of the length of the molecule. 

A well-formed crystal weighing O-C^ mg. was used for most of the X-ray 
measurements. The following dimensionB of the unit cell were determmed 

* ‘ Proo. Roy. Soo.,’ A, vol. 140, p 79 (1933). 

f ‘ Indian J. Phys.,’ vol. 7, p. 43 (1932). 

I Pickett, ‘ Nature,’ voL 131, p. 613 (1933). 

I The material used was purified by Mire Qertrude Walter of Mount Holyoke Oollege 
and aryatalliaed by Hr. Ofiohrist of this laboratory. 
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from rotation photographs taken with copper radiation which was cahbrated 
wiiii mica of known spacm^ 

0 = 8-08 A. 6 = 6-60 A. c = 13-59 A. 
p = 91“ 65'. 

The density of 1-213, measured by a flotation method, confirmed the number 
of molecules m the umt cell as two (calculated value 1 -987) Although refiec- 
tions of other planes up to and mcludmg the indices A = 6, A = 6, 1 = 10 
were observed, no reflections (AOl) where A is odd or (OAO) where k is odd were 
found This indicates that the space group is P 2ja of the monoclmic pris¬ 
matic class. 

The photographs which wore used for intensity measurements were taken 
by means of a Weissenberg camera with the use of filtered copper radiation. The 
mtensity of the reflections thus obtamed was measured upon the integrating 
photometer designed by Dr Robinson* By these moans the integrated 
intensities, on a relative scale, of all the measurable reflections for the throe 
prmcipal zones of the crystal and some of those from general planes were 
obtamed. The small size of the cfrystal mcreased the accuracy of tiiese 
measurements in that errors due to absorption of the radiation m the crystal 
were minimized but was a disadvantage m that it was not possible to get 
reflections of measurable mtensity fitom the very weak planes. Some photo¬ 
graphs were taken with the very mtense beam &om the X-ray tube with a 
rotatmg target designed by Dr. Muller f The accuracy of the intensity data 
18 considered to be about 10% although it is probable that it is greater than 
this for reflections of moderate mtensity and less for those of very large or 
very small values 

DdermmUum of Simdure. 

The analogy between this compound and diphenyl, whose structure as 
determmed by X-ray methods has been published by Dhar (ioc erf) is apparent 
not only m form, optical properties and umt cell dimensions but also m the 
inteniuties of corresponding reflections This suggested that a similarity 
of structure exists in the two con^ionnds. Dhar based his analysis upon 
the results of KrishnanJ who showed from magnetic susoeptibibty measure¬ 
ments that the molecules are tilted at angles of + and — 69” from the plane 

* ‘ J. SoL Intruments ’ (in the preu). 

t * Nature,’ vd IM. p. 128 (1920); ‘ Bnt. J. Radiology,’ wA 4, p 127 (lOSl). 

t ‘ Nature,’ voL HO, p. 313 (1032); ‘ PUL Ihma.,’ A, voL 231, p. 23S (1033). 
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of 83mimetry and 20 •1“ from the o azu. Dhar demonstrated that by placing 
planar molecules m the bo plane 'mth their centres at the co-ordinatee (0, 0, 0) 
and (i, 0) and rotating them 32° about the o axis and 20° about the 6 axis 

he obtamed a structure whose calculated structure factors agreed with the 
experimental ones The molecule lies m the obtuse angle between the a 
and 0 axes 

With diphenylbenzene it was obvious that the molecule hes m the acute 
angle both from the very great strength of the (201) reflection and from the 
&ct that the {hOl) reflections of the one compound are comparable to the 
(Adi) reflections of the other In order to test the analogy a planar molecule 
of p-diphcnvlbcnzene was assumed and placed m a position corresponding to 
that occupied by diphenyl. The agreement between the calculated and 
observed structure factors while not perfect did indicate that the position could 
not be far from the correct one 

A systematio study of the structure possibilities of p-diphenylbenzene was 
then begun. The chemical formula shows three benzene rings jomed m the 
para position The analysis of hexamethylbenzene by Mrs. Lonsdale* and 
of anthracenef has established the fact that the benzene ring m these com¬ 
pounds IS planar Diphenyl also has been shown to be planar and in the 
absimce of contrary evidence the assumption that the benzene nuclei in this 
compound arc planar was considered to be justified. The question then arose 
as to the orientation of the three nuclei with respect to each other. Space 
group considerations limit the possible configurations to those which are 
centroBynuuetncal.§ Hence there are three possibilities. the molecule is 
planar, the two end rmgs are rotated about the Imo of centres with respect 
to the middle rmg or the line of centres is bent The distance between the 
carbon atoms of the nucleus might be safely assumed to be 1*42 A , but the 
distance between the nuclei was uncertain. The positions of the molecule 
as a whole were not known but if tkeir centres were at the symmetry centres 
(0, 0, 0) and (i, 0) all possible onentations in space could be covered by a 

combination of successive rotations about three perpendicular directions 

The preliminary analysis described above showed that the molecule was not 
likely to be greatly difierent m form or position from that first postulated. 
Furthermore, the companson of the axial lengths of diphenyl, p-diphenyl- 

•‘Proo.Roy.8oo.,’A,voL 123, p. 494 (1929). 

t Robertson, loc. al.; 

^ Dhar, loo. eU. 

|AstbaryaQdYaidley,*PliiLTraiu.,’A. voL224,p.221 (1924). 
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benceae and jHliphenjldiphenyl* showed that each added phenyl group 
increased the c axis by 4*1 A. Since this distance must represent the pro> 
jection of the length of one benzene ring on the c ams it would follow that the 
molecule is mclmed at an angle of 16°-20° to this axis. 

The method of analysiB used m the work was as follows. A certain con¬ 
figuration of the molecule was assumed tentatively. This was placed m the 
(100) plane with its length parallel to the o axis and its co-ordinates noted. 
It was then rotated through an angle of 6 about the o axis with the direotion 
6 to a taken as positive, next through an angle of <f> about the b axis (direotion 
a to 0 considered positive) and finally through an angle ({^ about the per¬ 
pendicular to the (100) plane (o to 6 as positive). The successive changes of 
the co-ordinates in these transformations may be represented by the following 
equations:— 

For rotation of 6 about o 

iCi^xcoeO-j-ysinO 
^^ = ^0086 — xsmO 
*1 = 2. 

For rotation of ^ about 6 

2;|S=a;]Cos^ — z^sm^ 

yi = yi 

= Zi cos <f> + Xi am 

For rotation of (]i about direction normal to (100) plane 

*8 = »l 

y,==y,oo8i);-l-2,smi|» 

2, = 2, COB — y, sm 

These equations may be combined for convenience. The results were then 
transformed from rectangular to axial co-ordinates by the use of tiie relations 

X4 Es x,/sin p 

yt==ya 

24 =I S, — XgOOt P 

followed by division by the respective axial lengths. 


* Pickett, he, ett. 
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The structure factor for the space group under consideration has been 
Bitnplificd to the form 

F = 42 Fc cos 27: (fcB + t£ cos 2i: (ihj- ). 


where Ff. represents the scattermg power of carbon The effect of the li3rdrogon 
atoms was ignored The summation was earned out over one crystal umt 
which consists of half a molecule or nine carbon atoms. Allowance was made 
for the decrease in the scattenng power of carbon with mcraisc m the angle 
of reflection according to the F curve constructed by Mrs Lonsdale from that 
observed in graphite The factors calculated m this way for assumed positions 
of the molecule were compared with those obtamed from expenmontally 
measured mtcnsitiea through the relation 


AF = (l 


1 4 ■ coa* 'i 


where I is the intensity and A is a constant 

A planar molecule was tentatively adopted Inasmuch as the different 
orders of the (hOO) planes are affected only by the first two rotations, agreement 
for these planes was first sought If h is even, F/4 = Fo S cos iithx. The 
values of cos 2nhx were calculated for a variation of 0, <f> being held constant, 
and for 6 bemg hold constant These values are shown in graphical form 
in figs. 1 and 2 together with horizontal lines which for the (200) and (600) 
planes represent experimental values and for the (400), for which no reflection 
was observed, the upper possible limit It is obvious that the factors of these 
planes vary markedly with changes in ^ and only slightly vnth changes of 0 
withm a range of 16° , and that only two values of <f> are probable, namely, at 
16° and 21°. The latter figure was easily eliminated by a consideration of 
other planes. 

The effect upon this position of maximum probabihty of varying the other 
factors such as the shape of the moleShle and the distance between the rings 


The most favourable value of <|i was found by a similar method, using the 
planes (210) and (120), to be 0°. Less strikmg changes resulted from a vanatiim 
of 6 in the case of any of the planes studied. The value 34° was selected as 
giving the best agreement for a number of planes. In this way the angles 
chosen as representing the position of the molecule were 0 — 34°, ^ — 16*3° 

ftn/) (j; = 0°. 


vou oxtn.—A. 
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[Fios. 1 and 2 —^Theie diagranu illuatnte the obeerved (reUtivo) and oaloulatod values of 
structuie factor of the (200), (400) and (QOO) planes. The horizontal lines show the 
observed values except that m the case of (400), where the intensity was too small to 
measure, it represents the maximum below which the true value must he. The 
correspcmding curves show the calculated factors nT*iiming various values for the 
angular tilt of the molecule Fig 1 shows that the variation with ^ the angle between 
the axis of the molecule and the e axis. Is very marked and agrees with the observed 
values near 16^ Fig. 2 shows that the variation with 0 is slight and that the values 
are within the limit of experimental mor through a huge range.] 
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In the early stages of the work it had been observed that the distance between 
the benzene nuclei most markedly affected the relative values of the structure 
factors of the (006) and (007) planes. These are accoidmgly thought to be 
sensitive tests of this difference and the placing of the molecule had purposely 
been accomplished by a very different set of planes, namely, those in the AiiO 
zone which were quite insensitive to this vanation. The structure factors 
of these test planes calculated for mtemuclear distances of 1*64, 1*48 and 
1*42 A were at this pomt compared with the expenmental values. These 
results are given in Table I; it is seen that the distance which gives the relative 
values observed is 1 *48 A. 


Table I.—^Values of cos 2nfe. 



(006). 

(007) 


2 72 

3 36 

CklcuUted— 



> e - e < = 1 42 

2 IS 

3 20 

> e _e < ^ 1 4S 

2 4S 

3 04 

> c -c < -^ I 64 

2 76 

2 64 


The structure factors for all of the planes whose intensity had been measured 
were then calculated for a structure consisting of a planar molecule with 
distances of 1 *42 A. between the carbon atoms of the nng and 1 48 A. between 
the rings, the position of the tings being dehned by the angles given above. 
The results are tabulated in Table II and illustrated m fig. 3. The agreement 


Table II —^Measured and Calculated Values of the Structure Factors. 


m 


F (ob«.). 

F (oalo.) 

001 

0 066 

13-16 

+21 6 

002 

0 113 

16-21 

-24 1 

oil 

0 148 

<2 4 

- 1 1 

003 

0*160 

26-36 

+41 0 

012 

0 178 

<2 7 

+ 26 

018 

0*210 

11 6 

-11 6 

004 

0 226 

6 0 

- 4 7 

014 

0 262 

3 8 

- 8 7 

020 

0 276 

13 3 

-11 0 

021 

0 281 

<8 4 

- 1*7 

006 

0 282 

IS 1 

fll*4 

022 

0 287 

6*1 

+ 48 

016 

0*314 

<3 7 

0 

028 

0 322 

28*6 

-80*8 

006 

0 338 

26 0 

-23*6 

024 

0 366 

17*6 

-18 7 

016 

0*367 

8 7 

+ 48 
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Table 11.—(continued). 


hit 

idn $ 

V (ol» ). 

F(calc) 

025 

0 303 

0 6 

+ 80 

007 

0 306 

27 4 

-24 6 

031 

O 414 

-.,4 6 

0 

017 

0 418 

IS 6 

,11 7 

032 

0 428 

^4 6 

- 0 4 

02(1 

0 430 

a 4 

- 6 4 

033 

0 446 

<4-8 

f- 1 7 

008 

0 462 

6 4 

-1 4 0 

034 

0 470 

<6 0 

+ 06 

018 

0 472 

6 7 

- 5 1 

027 

0 481 

^6 1 

f 4 6 

035 

0 600 

- 6 2 

0 

000 

0 608 

.^4 7 

- 2 1 

010 

0 626 

e 2 

-1 6 7 

028 

0 628 

- 6 4 

- 4 8 

036 

0 636 

<6 4 

- 1 0 

040 

0 660 

12 2 

-r 11 6 

041 

0 654 

<6 6 

+ 1 0 

042 

0 662 

<6 6 

- 0 3 

0010 

0 666 

<.6 6 

- 2 9 

037 

0 671 

<6 7 

-22 

020 

0 676 

6 4 

+ 6 1 

043 

0 677 

7 6 

- 6 0 

0110 

0 680 

19 1 

+20 6 

044 

0 604 

<6 9 

- 6 0 

0210 

0 626 

23 9 

+23 2 

200 

0 100 

18 4 

+ 19 4 

201 

0 107 

14 8 

-16 2 

201 

0 200 

60-80 

+ 89 0 

208 

0 210 

20 7 

+20 8 

202 

0 224 

<6 

4-14 

2(A 

0 260 

6 2 

- 6 1 

203 

0 201 

<6 0 

- 0 9 

20< 

0 290 

10 

-10 7 

204 

0 300 

<6 

- 6 0 

20S 

0 332 

23 2 

-20 8 

20S 

0 346 

<6 6 

- 8 9 

400 

0 380 

<6 9 

+ 20 

40l 

0-383 

12 

-14 6 

401 

0 386 

<7 

- 1 7 

208 

0 886 

33 7 

-20 9 

206 

0 396 

<7 1 

+ 76 

409 

0 898 

12 

-14 6 

402 

0 899 

<7 2 

_ 6-6 

40l 

0-409 

<7 8 

+ 1 4 

403 

0 422 

<7 6 

+ 1 8 

Wi 

0 488 

<7 6 

- 9 0 

207 

0 486 

7 6 

+ 68 

207 

0 447 

9 4 

-10 3 

404 

0-447 

<7 7 

+ 06 

40S 

0 463 

<7 9 

- 6-8 

406 

0 480 

21-8 

-24-8 

208 

0 484 

<8 1 

- 8-6 

208 

0 400 

<8 2 

- 1-8 

20S 

0 637 

12 4 

-16 1 

600 

0 668 

13 

-16-0 

60l 

0-668 

IS 

-18-9 

110 

0-167 

44-61 

+80-8 

210 

0 288 

12-0 

-12-0 
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Table 11—(continued). 


m 

[ ... 

1 F (obs ) 

j F (oalo ) 

120 

0-200 

17 0 

+18 e 

310 

0 318 

6 0 

+ 61 

220 

0 334 

<6 6 


320 

0-306 

0 8 

+ 83 

410 

0 406 

10 

+ 00 

130 

0 422 

7 6 

-11 6 

230 

0 462 

<6 3 

+ 21 

420 

0 470 

<0 8 

— 6 0 

SIO 

0 402 

<7 0 

- 1 4 

330 

0 601 

<7 4 

— 2 6 

160 

0 604 

12 6 

t-lO 8 



FiO. 3.—•obsarred; O oaloulated. 
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IS considered to be within the limit of experimental error in all cases with the 
exception of the five strongest reflections which were noticeably low for the 
well-formed crystal need for most of the measurements. Photographs of 
poorer crystals jnclded similar results for weaker planes and much larger 
values for these reflections Thus it is obvious that there are very appreciable 
extinction effects even in these mmutc crystals but that they become important 
only in the case of these five strong reflections The values as given are not 
corrected for this factor. It is not of particular consequence in the structure 
anal}^ because in the trial and error method the calculated structure factors 
for the planes in question arc moat insensitive to changes m the position of the 
molecules while in the Founer analysis calculations showed that the contour 
lines were hardly affected. 

Founer Anaiyats of Results 

A projection of the scattering matter of the unit cell upon a plane per¬ 
pendicular to the a axis was then obtained through the method of the double 
Fourier series which has been developed and described by Bragg ♦ The 
density of soattenng matter per unit area, p {y, z) for the projection along this 
axis IS .).« 

p(y, «) = l/6cS S F (Old) cos ^(kylb+ lzjc) 

Table III gives the values and signs of the F terms used while Table IV gives 
the sums, V{0ld) cos 2n{kylb + Iz/o), for a senes of points approximately 
0*2 A apart covering the area of projection of one crystal umt or one-half 
molecule. The contour lines for this portion are shown m fig. 4. 


Table III.—Values of F (OW). 
When k is even, F (OJU) = F (Old). 
When k IS odd, F (Okl) = - F (Old) 



• • Proo. Roy Soo.,’ A, vol. 123, p. 037 (1929). 
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Table IV.—Projection along a axis. 

S(y,*) X 10-\ 

-6/4-*-6/4-- 

10 13 10 7 6 4 0 8 13 20 26 31 30 

20 20 14 8 3 0 1 0 12 21 21 30 47 

30 33 20 16 10 6 4 6 13 19 28 41 44 

40 10 30 20 36 21 18 16 12 17 20 23 26 

36 30 30 36 37 38 30 30 24 18 12 8 7 

20 22 28 32 30 43 43 38 20 18 10 1 3 

8 0 14 20 30 30 36 33 26 10 7 1 I 

6 0 0 0 13 20 22 10 13 8 0 4 0 

10 6 4 5 8 11 13 11 7 3 1 4 7 

10 7 6 7 11 16 10 10 11 0 2 3 6 

0 0 7 13 22 27 31 22 24 10 10 8 9 

<-/2 1 3 8 16 26 36 41 40 30 29 24 21 21 

7 7 10 17 20 33 38 30 38 30 30 30 38 

24 20 18 17 18 21 24 26 28 31 36 42 48 

42 30 26 18 13 11 0 0 13 10 27 36 43 

40 40 30 20 11 0 1 1 3 8 10 23 20 

40 34 26 18 11 0 I 0 1 0 11 14 IS 

24 21 17 12 8 0 3 4 6 10 16 18 20 

16 14 10 7 3 2 2 6 II IS 20 30 34 

21 18 13 7 3 0 1 6 IS 22 31 40 46 

33 29 23 10 10 6 5 9 10 23 30 30 40 

41 38 33 28 21 18 17 16 17 21 23 27 30 

37 36 36 30 36 32 30 27 20 20 18 14 12 

24 26 20 32 30 37 36 32 26 19 14 6 3 

13 14 17 21 26 30 30 28 22 16 12 6 4 

8 7 7 0 10 16 18 17 16 10 8 0 10 

003347886438 12 

9022478741048 


The usefulness of this diagram is limited m two ways ; first, the fact that 
the absolute values of the terms are not known makes the values of the contour 
bnes of no significance although their positions are not afiected; secondly, 
the definition of the individual atoms is not sharp and there is a considerable 
overlappmg of the projections. The outer atoms of the molecule are quite 
indistmguishable from those of the refieoted molecule halfway along tiie 
a axis while owmg to the double tilt of the molecule some of the outer atoms are 
sufficiently near the centre ones to aflcot their contours 
In spite of these disadvantages the analysis is thought to give evidence upon 
these pomts; that the line of centres of the molecule is projected upon the 
0 axis, % e., that 4* = 0! and that the projections of the centre and end benzene 
rings are of equal width, which m combination with similar evidence from a 
projection along the b axis shows that the three nuclei are coplanar. Further¬ 
more, the z co-ordinates of the atoms may be calculated sinoe the overlapping 
outer atoms of the two molecules have tiie same z co-ordinates. The values 
of z of the atoms eetamated &om the Fonner diagram are shown m comparison 
with the ones selected in the trial and error analysis. 
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Fia. 4.—The measured contour hoes for electron density oirer the ares of projeotion of 
one molecule on a plane normal to the a axis are hero shown together with a diagram- 
matio representation of the corresponding positions of the carbon atoms 
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Tnal «iid error 


2 

3 

4 

5 
0 

7 

8 
9 


0 064 
0 100 
0 036 
0 204 
0 269 
0 309 
O 403 
0 339 
0 240 


0 066 
0 100 
0 037 
0 206 
0 267 
0 367 
0 400 
0 340 
0 287 


The value for the distance between the nuclei as estimated from the Fourier 
diagram is 1-48 A. Thus the results of this analysis give evidence that this 
distance is intermediate between the length of the purely aliphatic and purely 
aromatic bond This is m agreement with the results obtamed by Dhar. 
It has been pointed out* that the energy value of this bond, calculated from 
heats of combustion, is mtermediate between the values of an aromatic and an 
aliphatic bond The distance of closest approach lietwecn the centres of carbon 
atoms of adjacent molecules is 3*92 A between the standard and reflected 
molecule and 3 99 A between the ends of the standard molecule and the 
reflected molecule removed by one translation along the e axis. 

Although the electron density cannot be calculated from these results it is 
apparent that the density is appreciably less for the end carbon atom than for 
those nearer the centre. A similar phenomenon has been noted for anthracene 
although its cause is a matter for speculation 

A Fourier analysis of the (010) zone showed the projection of the molecule as 
masses containing three atoms each whose individual contours wore mdis- 
tmguishablc. The width and position of these masses was m harmony with 
the structure described. 

I wish to express my thanks to the Managers of the Royal Institution for 
the privil^e of workmg m the Davy Faraday Laboratory ; to the Amenean 
Association of Umversity Women for the grant of the A.A.U.W. European 
Fellowship during the tenure of which this work was completed; to Sir William 
Bragg and the workers of the laboratory, past and present, not only for much 
timely assistance but for placing at my disposal the very important tools of 
apparatus and method evolved after much careful mvestigation ; and especially 
to Mrs. Lonsdale whose constant interest and many helpful suggestions were of 
great value. 

* Clopatt, ‘ Aota Soo. Soi. feun.,’ voL 6, p. 23 (1932). 
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Summary. 

|>-dipheny]bcnzeiie crystallues m the monoclmio pnsmatic claas with two 
molecules in the unit cell whose dutaensions are a = 8 08A, 6 = 6*60A., 
c = 13 69 A , p = 91° 66' The apace group is P 2Ja. 

The results of a structure analysis by trial and error and by Fourier anal 3 rsis 
give evidence that the molecule is planar in form ; that it consists of regular 
hexagons of carbon atoms 1-42 A apart with a probable distance of 1 48 A. 
between the hexagons; and that its position may be doilnod by two successive 
rotations of 34° and 16-3° about the e and 6 axes from an original position m 
the (100) plane parallel to the « axis 

Probable positions for the thirty-six atoms of the unit cell are (z, y, z); 
(*. y. 2) . (i + *. i-y. 2); (i - X, J -f y, z), where 


-0 046 
-0 108 
- 0 004 
-0 036 
-0 082 
-0 187 
-0 246 
-0 200 




-1-0 182 
0 

-0 182 
0 

-t-0 182 
•f 0 182 
0 

-0 182 
-0 182 


-f 0 064 
-f 0 100 
-f 0 036 
-1-0 204 
-1- 0 268 
-f 0 368 
1-0 402 
-|-0*389 
-f-0 239 



347 


Analysts of the Long Range x-Parttdes from Radium G' by the 
Magnetic Focussing Method. 

By Lord Ruthbrpobd, 0 M , F R S , W. B. Lewis, B,A., and 
B. V. Bowdbm, B a. 

(Received August 23, 1933 ) 

In OUT last paperf we gave an account of an annular nng magnet capable of 
fooussmg groups of a-particles after they have traversed a semicircle of 40 rm. 
radius. By this method the velocities of a number of important groups of 
a-particles were measured with a relative accuracy, it is believed, of I in 6000. 
Preliminary measurements were described of the two long range groups from 
thorium C and of two from radium C'. 

In a previous paporj we had shown by means of countmg methods that the 
long range groups of a-particles from radium 0' were much more complicated 
than those from thorium C', and consisted of at least mne distinct groups. 
This older method, however, had not sufficient resolvmg power to separate 
completely a number of these groups, and the annular nng magnet was con¬ 
structed pnmanly to make a more complete analysis of this a-ray spectrum. 
It IB hardly necessary at this stage to emphasize the importance of accurate 
measurements of the energies of these groups, for they give us direct information 
of the energy levels of the a-particle in an excited nucleus, which is of funda¬ 
mental importance in considermg the qnrabon of the ongin of the yraya from 
radium C' § 

Experiments 

The general arrangements for raeasurmg the number and velocity of the 
particles m each group were similar to those described m our first paper, with 
one or two minor technical improvements A large number of experiments 
was made to determine the distnbution of a-particles over the whole of the 
spectrum, which mcludes a-particles of ranges between 7 cm. and 12 cm., 
corresponding m our experiments to a change of field from 10,000 to 12,000 
gauss 

t Rutherford, Wynn-WiUiams, Lewis and Bowden, ‘ Proo. Roy Soo A, voL ISfi, 
p. 617 (1933) 

} Rutherford, Word and Lewis, * Froo. Roy. Boo.,' A, vol. 131, p. 684 (1931). 

{ Rntheiford and SSlis, < Proo. Boy. Soo,’ A, voL 132, p. 067 (1931) 



348 Lord Rutherford, W. B. Lewis and B. V. Bowden. 


Special arrangements were made to obtain the strong sources of a-rays 
needed for the expenments The active matter was deposited on the sides of 
a narrow “ V ” groove in a piece of stamless steel ground to form a conical 
stopper, as illustrated in fig 1. Dormg exposure the whole of the emanation, 
about 250 mg , was mtroduced mto the cavity between the “ V ” groove and 
the inner wall of the outer glass container By this method of preparation 
the ai-tive deposit obtamed on the source was over 60% of the total yield 
from the emanation 

The mam difficulty in the analysis of these long range groups lies in their 
weak intensity. Apart from the strong group of particles 
of mean range 9-0 cm few of the other groups exceed one 
111 a million of the mam group of 7 cm. ot-particles The 
nmxmium solid angle over which the particles were counted 
in our experiments did not exceed 1 m 20,000, and even with 
a strong source of radium C', correspondmg to 100 mg 
radium, the total number of particles m a relatively strong 
group, contaimng one m a million m the mam group, was 
only 11 per minute The maximum number of particles 
coimted was further reduced by the width of the counter 
slit to about half of this Special precautions were taken 
to obtain a very clean counting chamber, m which the 
number of “ natural ” particles counted did not exceed one 
m 10 minutes under the experimental conditions 
Five sources were used in the examination of the weakest 
group of which we are certain, namely, that of highest 
Fra 1 energy We counted 34 particles m the group m a total 
counting time of an hour and a half On either side of the 
group we counted 18 particles m a similar time The number to be expected 
m the time owmg to the natural efEcct was 10. It will at once be apparent that 
it Mould be exceedmgly difficult to detect such a group if it occurred in the 
tail on the low velocity side of another larger group, owing to the mevitable 
probability ffuctuations m the number counted. In fact we are unable to 
claim absolute certainty for our measurement of the groupf at H = 10760 
gauss on the very large “ tail ” of the 9 cm. group This investigation is 
further compheated by the fact that the number of retarded particles fonnmg 
the “ tail ” 18 extremely variable, diffenng not only firom source to source, but 
also increasing in an uncertain manner as a given source decays, 
t The group of ezoesa energy 12-83 x 10* electron volts. 
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ResuUs. 

Out results, shown in fig 2, indicate the presence of 12 groups, the distribution 
of whichf is m very good accord with that found previously by the range 
method (loc ai.) The 9 cm group, which is by far the most pronunent, and 
which contains about 20 particles per million m the mam group, has been 
mvcatigsted in some detail It appears to be a homogeneous group of velocity 



t The «:7eteni«tio diffeienoes in energy betwewi out pteeent leenlti end thoee given 
befote for oorreqponding groupe an due to the use of an inoorreot estiajxdated oom to 
obtain the veloaitiBe from the ranges. We lobeeqiiently made aconnte meaentementi 
of the ranges and Tidooities of a nombw of groape of pwtbtes, and obtained the onrve 
ghren in fig. 10 of oar last paper, g.v. 
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1 -0862 m terms of the velocity of the mam group. The energy of disin- 
t^fration giving rise to such particles exceeds that of the normtd dtsttUegrcUton 
by 14‘12 ± 0*03 X 10® electron volts. As theory indicates that the appro¬ 
priate excess energy is the most important quantity charactenzmg a group, 
we shall use it to identify the groups, as will be seen m the figures and tables 

The 7 *8 cm group also completely resolved by the range method, was readily 
detected, but owing to the small number of particles m this group, several 
experiments were necessary to determme its position with precision We 
counted in all 320 particles m this group, and believe that the energy excess is 
6-08 X 10® electron volts, with a probable error of less than 0 05 x 10® 
electron volts. 

The analysis of the results of the range measurements above the 9 cm group 
was earned out by assuming the Tninimnm necessary number of groups, and 
we now find that the spectrum is slightly more complex than our previous 
analysis suggested Between the groups of energy excess 26>97t and 24 39 
(which correspond to groups Nos 7 and 8 in our previous paper) there is a 
small group of energy excess 25*13 In place of the two groups Nos 5 and 0 
wo find three groups of energy excess 20*15, 21 38 and 22 68. Groups Nos 
3 and 4 are identified with the groups of energy 16*63 and 18*44 respectively. 

In our previous experiments using direct countmg methods we found that 
no a-particle group containing more than 0*02 particles per nulhon m the mam 
group can exist with range greater than 12 cm., t e, with energy excess greater 
than 31*5, nor can any group exist which contains as many as 0*1 per million 
with energy excess greater than 29*6, which was the limit of exploration m our 
present experiments. Further, we found that there cannot be any group 
containing more than 0*1 per million of the mam group between ranges 8*0 
and 8*6 cm. or energies 7*6 to 11 *5. For tbs reason we have not re-explored 
tbs region, since we could not hope to detect the presence of groups of such 
weak intensity. 

The peaks drawn through the experimental points are of the same shape as 
the mam peak, which was carefully determmed for each source, when it had 
decayed sufficiently. The probable error m fitting a peak to the experimental 
pomts vanes according to the sixe and poation of the peak, and our estimate 
of tbs error is indicated m the table for each group. 

The results are collected m Table 1. In the first column of the table are 
given the values of “ Hp ” corresponding to the groups wbch are shown in 

t For umptioity alHevals and o-partiole groups are referred to m the sequel by their 
energy excess expressed in units of 10* electron volts. 
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fig. 2, in the second column are the velocities of the a-particles in terms of Y,, 
the velocity of the mam group; the third and fourth columns give the energy 
of the a-particles and the corresponding energies of disintegration, wbch include 
the energy of recoil of the nucleus. The energy excess (the difference between 
the energy of disintegration of the excited nucleus and the normal dismtegra- 
tion) IB given in the fifth column. This energy excess is used to identify the 
groups as already mentioned. The last column gives the number of a-particles 
emitted in the long range groups for every million normal dismtegrations 


Table I —Long Kange a-particle Groups. 



Correlation of a.-'pa/rtides with '(-rays 

It IS natural to suppose that all the observed groups of long range particles 
are emitted by atoms of radium C' which have been formed in an excited state 
by the emission of a ^-particle from the parent body radium C. On this view, 
the energy of the a-particles constituting each of these homogeneous groups 
18 a measure of the energy levels which exist in the excited nucleus. In the 
course of a very short interval the excited atom reverts to the normal state, 
and the excess energy of the a-particle is believed to be emitted m the form of 
Y-radiation, either as a smgle quantum or as successive quanta, m which case 
the excited atom passes through one or more transition energy levels.! 

t In order to account for the complexity of the radium C' speotram compared with that 
of thonum O', it has been euggeeted by Fowler and by Qamcw that proton excitation may 
be important in radium C' There is no expenmental evidenoe on ^ point but if proton 
excitation occurs some of the observed a-ray levels may be a measure of the combined 
energy of excitation of an oc*partiole and a proton in the nnoleus. 
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As mentioned in an earlier paper, the excess energy of the a-particle m the 
group of range 7'8 cm., viz., 6-08 X 10* electron volts, is in excellent agree¬ 
ment with the energy of the strongest y-ray observed, of energy determmed 
by Ellis as <1 07 X 10“ electron volts giimlarly there is a very close accord 
between the excess energy of the a-particle m the predominant group of energy 
excess 14 la X 10® volts, and the equivalent strong “ y-ray ” of energy found 
by Ellis to be 14* 14 X 10“ volts. It is clear that in both these rases the 
a-particle falls direct to the normal level, ennttmg its energy in a single quantum 
No such simple explanation can be found for the other strong y-rays from radium 
C', VIZ, 11 21, 17 61, and 21 98 X 10“ volts, for no energy levels of excess 
energies correspondmg to these values have been found Similarly the exe^iss 
eneigics of many of the *-ray levels we have observed do not correspond with 
the strong 3-ray groups in the high energy part of the 3-ray spectrum In 
searching for a correlation between the 3- or y-ray spectrum and the a-ray 
spectrum it is necessary to consider more complicated transitions between the 
energy levels m which the excited atom may emit its surplus energy m succes¬ 
sive stages. This involves some consideration not only of numerical coin¬ 
cidences between the energies of observed 3* and y-ray Imes with differences 
of energies between possible levels, but also of the intensitiea of the 3-ray 
hues and of the a-ray groups Great caution must be exercised in mterpretmg 
the results, for a number of important factors arc involved on which our mfonna- 
tion 18 very mdefimte Some of these factors will be discussed later in some 
detail, but a few words of explanation may be given at this stage In the first 
place it 18 necessary to emphasize the great distinction between the types of 
transition which take place from the 6 07 and from the 14-14 X 10“ volts 
excess energy levels. It is generally believed that a “ radiationless ’’t tran¬ 
sition takes place from the “ 14'14 ” level, the excess energy bemg directly 
conmiumcsted to one of the electron groups of the outer atom If a y-ray 
appears at all, the experimental evidence shows that it must be very weak. 
The time for this radiationless transitioii must be very long compared with 
the time for a direct “radiation ” transition such as gives rise to the 6*07 
y-ray For this reason by far the strongest group of a-partioles corresponds to 
a level which is very rarely excited, only about once in 1000 disintegrations, 
while, on the other hand, the 6*07 level is excited 600 tunes m 1000 dismtegia- 
tioDB If such radiationless transitions oocuiied for one ox more of the levels 
of greater eneorgy where the rate of escape of the a-particle is very fast, we 
might observe a comparatively strong a-particle group where the ooneepondmg 
t SWler, * Proo. Roy. Soo.,' A, voL 129. p. 1 (1080). 
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line in the ^my spectrum la weak or quite undetectable. There is at the 
moment no obvious way of deciding whether one or more of the higher energy 
groups of a-particles may be attnbuted to this abnormal type of dis¬ 
integration 

Thorp IS another important point which must bo carefully considered. It is 
now lielieved that the Y-ra 3 r 8 emittcil from radium C' may be divided into two 
distinct classes which have licen called dipole and quadripole The mtensity 
of the p-ray line correspondmg to a quadripole transition is about three times 
stronger than that for a similar dipole y-my, and this factor varies with the 
energy of the y-TAy. While a number of the stronger yrays have been classified 
as belonging to one or other of these two types, from Ellis and Aston’s measure¬ 
ments ol inti-mal conversion coefficient, wo have no such information about 
the types of transition which give rise to the ^-ray lines which are not associated 
with strong y-r&y Imes In addition, recent theory indicatesf that the rate of 
emission of the a-particle depends not only on its energy, but also very markedly 
on the quantum number associated with the energy level under consideration, 
so that the intensity of an a-ray group gives no clear indicAtion of the intensity 
of the Y-ray which may arise from it For example, the a-ray group of highest 
energy, although the weakest group observed, is believed to be connected with 
the emission of the strong Y‘**y® energies 11'21 and 17 61 X 10* 
volts 

Taking into account these factors as far as possible, we have provisionally 
seleeted the group of energy levels shown in fig 3 m order to account for the 
origm of the stronger y-rays In this scheme arc included five of the observed 
a-ray levels, and in addition four hypothetical levels which seem to bo necessary, 
and which correspond to the energies of Y-rays found by Ellis It will be shown 
later on general theoretical grounds that we should not expect to observe the 
presence of a-ray groups correspondmg to these levels. It will be seen that 
the small group of energy excess 28-80 X 10* volte corresponds to the combined 
energies of the y-rays 11-21 and 17-61. It is probable that these y-tays arise 
in successive transitions to the ground state firom this high energy level. The 
ongm of the other strong y-rays can be explained in a similar way (see fig. 3) 
and there is no systematic difference between the energies determmed by these 
entirely independent measurements. 

We have been guided in the construction of the scheme by the necessary 
condition that the number of transitions into a level con never exceed the 
nnmber of transitionB from that level. For instance there are two important 
t Oamow, ‘ Katniw,’ vot. 131. p 438 (1933). 
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transitiojiB into tJic 17 61 level, which occur 0 06 and 0'21 timest per disin¬ 
tegration fiom the 26 97 and 28 80 levels respex-tively The 17 61 y-ray 
emitted 0-26 times per disintegration, so it seems clear that the nucleus is 
si'ldom if over exiited directly into this level, a lonclusioii which has been iiswl 
by Kills and MottJ in their explanation of the natural fi-ray speotrum of 
radium C. 



Fifi9¥eHev or imimnon 


(wmou wigTHorciMttm’fOoXiiKmmofi^ 

Via. 8. 

t It BoemB probable as was Buggoeted by EUif and ABton (' Proc. Roy. Soo.,’ A, vol 120, 
p. 181 (1930)) tint all the estimatee of mtensity given above may be too high by 
about 20% 

J * Proo. Roy. 8oc A, vol. 141, p C02 (1933) 
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We have not included the 14'12 level in this scheme, as there is no evidence 
that it IS correlated by transitions with any of the stronger y-rays. As already 
mentioned there seems to be no doubt that the excitation of this level is 
relatively a rare oceurrence 

A more detailed scheme is given m Table II This includes all the levels 
from which a-purtieles arc known to be emitted together with the transition 
levels required by the intensity considerations mentiomsl alKive Vll the 
possible difTerenccs between the energy levels are shown Those in bold type 
corrcsiwnd (within 0 07 X 10® volts) with yrays which have been deduced 
from the p-ray spci tnira y-rays are mcluded wherever a lino which would 
result from their conversion in the K level of the atom is observed m the p-ray 
spectriiin Out of 13(i mimbers ap]iearmg in the tiilile, 05 iir(> correlated with 
yrays 


Table II Detailed Lc'vel Scheme for Itodium f', showing till Energy 
Differences between IjcvoIs 



Some of these correlations are probably due to fortuitous mmiencal coin¬ 
cidences, owing to the large number of y-rays, and to the fact that some toler¬ 
ance has to be allowed m fitting on account of experimental error. Nevertheless, 
the number of coincidences is considerably more tlian can be attnbuted to 
chance as we have verified by constructing a number of arbitrary “ «-ray 
levels.” The most remarkable feature of the scheme is the number of differences 
that occur two, three, or more tmies. This is far more than can be attributed 
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to chance, and indicates that there is a simple numerical relation between the 
energy levels In fact all the energy levels in the scheme, both observed and 
postulated, except the 7*66 level, can be represented to a close approximation 
by the formula 

E-;jX 4-26+ ^X 1-82 
or 

E = 14-14+p X 4-26 I q X 1-82, 

where “ p ” and “ q ” are integers, while the differences between several of the 
higher levels appear to be nearly equal to integral multiples of 1 82 X 10® 
electron volts 

We hope later to discuss these relations m more detail and to consider 
their possible signihcanoe. 

It seems probable that the proposed level scheme, which includes all the 
observed a-particle groups, together with four transition levels, must form the 
basis of any complete scheme of the energy levels of the excited radium (V 
nucleus 

Dtseuaiiim 

We have already referred briefly to the new and important advance m 
olasBifymg the y-rays mto quadripole and dipole. This is based on the experi¬ 
mental measurement by Ellis and Aston of the internal conversion coeflicientR 
of y-rays, coupled with the mathematical theories of Hulme,f and of Taylor 
and Mott J Quadripole radiation is associated with a cliange of azimuthal 
nudear quantum number of 0 or 2 (j = 0 -»• j — 0 forbidden) whereas dipole 
radiation corresponds to a change of quantum number of one Of the promi¬ 
nent y-Toye from radium C' they have found that y 0 = C-OT, yPa = 7-66, 
ySa = 13-8 are dipole, whileyQ = 9-33, yR = 11 2, yS = 12 4, yV -= 17-61, 
and yW = 21-97 are quadripole. 

It IS therefore natural to attempt to assign quantum numbers to the nuclear 
levels,! as has already been done by Ellis and Mott{| for nuclei of the thorium 
series. 

Assignmg quantum number j = 0 to the ground state, the 6-08 and 7-66 
levels must have quantum number j = 1, and similarly the levels 17-61 and 

t ‘ Proo. Roy Soo.,’ A, vol 138, p 64S (1W2). 

J • Proc. Roy. Soo ,’ A. vol. 138, p. 685 (1M2) 

§ Gamow has suggested a level soheme for the radium C' nucleus (‘ Nature,’ foe. at ). 
Hu method of assigning quantum numbers is based on the levels for an a-partiole in a 
reflecting box, and dnee not appear to agree with the levels experimentally found 
‘ Proo. Roy Soo ,’ A, vol, 139, p, 889 (IMS). 
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21 *98 must have j — 2. A qtiantum number j = 0 has been assigned to the 
anonialouH 14 12 level. The selection rule which forbids transitions j =^0-+ 
j =z 0 would account for the absence of a corresponding y-ray produced by direct 
transition to the ground state It must bo considered remarkable tlmt no 
transitions lo other lower levels occur during the comparatively long time 
dunng which the atom must remain m this level liefore it emits an a- or 
^-particle. Transitions into this level are notably rare, and there must lie some 
fundamental difference between it and the ground state, to which we have also 
assigned the quantum number j = 0 

While the C 07 level is ex<!iti*<l OdWi times [s'r dismti‘gration we have seen 
that it gives nse to a very wejik a-particle group We should not therefore 
expect to observe t he a-fiartiele group corn-spotiding lo the 7 06 level, wliich is 
excited only about one-tenth as often, as the difference iii energy of the two 
levels IS too small for the rate of emiasion of the a-particles to differ much m 
the two levels No a-particlc groups an‘ observisl eorn-a|)oiuling to the 17‘Cl 
and 21 • 1)8 levels for which j — 2, although these levels arc frequently excited. 
On the other hand, a-particle groups are observed corresponding to the less 
frequently excited levels of similar energy Two possible explanations suggest 
themselves either the a-decay constant is abnonnally small for these levels, 
or the optical transition probability is abnormally large It is not possible 
to decide between the alU'rnatives, but the latter seems more likely, since it 
would suggest that the optical transition probability is greater for quadripole 
than for dipole transitions, which is in agreement with theoretical predictions 
based on c^irtain nuilear nKxlel8.| The assumption that this phenomenon is 
astociatod with “j ” even is consistent with our observations and with the 
proposed level scheme 

The detailed consideration of the level schemes mvolves assumptions con- 
c.enimg the probability of a-particle escape, and of y-ray transitions from the 
excited nuclear states The information available on those points is too 
indefimte to hazard more than tentative conclusions at this stage 

Followmg Rutherford and Klli8,t we have mode estimates of the value of 
the a-ray disintegration constants of the excited states by using the formula 
of Qamow and Houtemians § We have adjusted the values of the constants 
appearing in this formula to lit the normal disintegration, for which we have 
assumed the value X = 10* consistent with the recent determinations of 

t Taylor and Mott, foe. a<, p. 092. 

{ ‘ Proo. Koy. 8oci foe. ott 
i ‘ Z. Phyaik,’ vol. 62, p. 496 (1929). 
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Jacobsen. Though it is assumed that the “ radius *’ of the nucleus is 
unaltered by the excitation it seems probable that this procedure is more 
reliable than a simple extrapolation of the empirical (Jeiger-Nuttall relation 
between X and the energy of the escaping a-particle We have further 
assumed, as Qamowj suggests, that the probability of a-partiele escape from 
the excited states of high quantum number is reduced m the ratios 
1’1*3 4’1C: 106, for quantum numbers j — O, 1, 2, 3, 4 The dis¬ 
integration constant has been calculated from (lamow and Hnutermans' 
formula for j = 0 

It 18 assumed that for dipole radiation, the y-ray emission probability varies 
as 



where v is the frequency of the emitted radiation and 
I xtjnj»*dT 

IS an integral throughout space which involves the product of the wave functions 
dehnmg the states between which the transition occurs MottJ informs us 
that for quadripole radiation the probability varies as 



It 18 impossible in general to say how these mtegrals vary, but we have assumed 
that for transitions to the same state involving the same type of radiation, the 
integral will not vary very markedly. We have calculated, on these assump¬ 
tions, the number N. of a-particles m the groups correspondmg to levels for 
which the frequency of excitation can bo derived from the associated yrays. 
This will be given by the relation 

N.==P^, 

9 

where N. is the number of a-particles emitted per disintegration, P, is the 
excitation probability, or the number of times the level is excited per dis¬ 
integration, X. IS the disntegration constant for a-particle dismtegration, and 

t ‘ Nature,’ toe. eti, 

X W« wish to expron our thanks to Mr. Mott for asRisting us in ducussions on this 
subject. 
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<718 the total probability per umt time of radiative transition from the excited 
state. The results are given in Table III and the bearing of these calculations 
on a few of the more important energy levels will now be considered. 

The 17 61 level, which emits quadripole radiation on transition to the ground 
state, does not emit an a-particle group corresponding to as many as one in 
5 X 10* disintegrations. From this we may calculate that the maximum 
number of a-particles to be expected fitom the 21*98 level is 0*12, which is 
agam lielow the limit of observation, whereas the group from the 26*97 level 
may lie as large as 0 9. Actually we find no trace of a group at 21 *98, but 
find a relatively strong group of 1*12 per million m the mam peak at 26*97 
The excitation probability of this level is denvod by ossuinmg that transitions 
from it to the 17*61 and 21*98 levels give nsc to the y-rays, yQ = 9*33 and 
yN = 4 98 It IS surprising that no y-ray correspondmg to the transition 
from the 26*97 level to the ground state is observed The weakness of the 
y-ray could be accounted for if a quantum number j — i were assigned to the 
level, but it would be then difficult to accoimt for the strong group of a-particlcs 
observed, takmg into account the reduction of a-partiole escape due to the 
lugh quantum number. Moreover, the neighbouring 28 80 level appears to 
be more frequently exated, and gives rise to a weaker a-particle group, which 
is consistent with the allocation of the quantum number j = 4 to this higher 
level, which also gives no measurable y-ray by direct transition to the ground 
state. A quantum number ,7 = 2 has also been assigned to the 25*13 level. 

A quantum number j = 1 has been assigned to all the other nuclear levels 
from which a-particle groups have been observed m order to account for the 
weak intensity of the y-rays emitted by direct transitiona to the ground state. 

The intensities of the y-rays have been calculated from the p-ray intensifres 
usmg the mtemal conversion coefficients calculated by Hulme for dipole 
radiation The values of g given in the table have been calculated from the 
formulae already given, usmg the value of <7 determmed for the 6*07 group, for 
wboh the y-ray and a-partiole intensities are known with some accuracy. 

It will be seen that the ratio of the calculated to the observed number of 
a-particles mcreases with the energy of the level. This variation is very small 
compared with the variation in X (of the order of 10*), and can be attnbuted 
cither to a change in 

I 

or to a correction term to be applied in the extrapolation for X. by the Oamow 
and Houtermans formula. 
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Conduaion. 

When we oonaider in broad terms the data which have been aocumnlated, 
there can be no doubt that there u a high correlatiozi between tiie a-partiole 
levds which have been observed and the emission of f-ra 7 B. In more important 
oases the numencal agreement is well withm the experimental error of measuie- 
ment, while the relation between the mtensity of the a-ray groups and the 
y-rays associated with them is of the rif^t order of magnitude to be expected 
on general theoretical grounds. In other oases the agreement is very un¬ 
certain, and more defimte information on the y-i&ys is required to make the 
deductions trustworthy. It is unfortunate that we have been unable to detect 
the a-partaole groups corresponding to certain postulated levels, e.g., tot the 
17*61 level. In order to settle the presence or absence of these levels, using 
our experimental method, much stronger sources of a-rays would be required. 
No doubt many additional weak a-ray levels would be brou^^t to lif^t if we 
were able to employ clean sonroes of 10 grams instead of the 100 milhgrams 
usually employed in our experiments. Such an extension of the experiment 
would, however, not be ea^ even if a sufBoiently great quantity of radium 
were available. In any case we hope that the data which we have obtamed in 
tiiese measurements will serve as a useful guide in developing stall further the 
theories oonoemiiig the excitation of the a-partadee and thus throw further 
li(^t on the nuclear disturbances of a heavy atom. 

In oondusion we wish to express our tkankw to the Department of Bdentifio 
and Industaial Research for grants to two of us. We are also indebted to 
Dr. Wynn-Williams for his assistanoe with the counting devices, and to Mr. 
G. R. Crowe for his help in the preparation of the radium sonroes. 

Summary. 

The velocities of the long range groups of a-partades from radium O' have 
been measured widi aoouxaoy by the annular ring magnet previondy dedbcibed. 
The a-ra^ spectrum has been analysed into 11 distinct groups, vdiioh have 
thus been separated for the first time. The oonesponding energy levels of 
the exdted nndens have been deduced with certainty. All the pcmninent 
y-rays may be correlated with these levels if four other levds which do not 
oorzeBpond with observed «-paztide groups are postulated. l%e rdative 
intensities of the a-ray groups and the y-rays show marked variations, whibh 
suggests the importance of dividing the y-rays into the two types dipole and 
quadripole, and quantum numbers have been tentativdy assigned to the 
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Spectrum of the Afterglow of Carbon Dioxide. 

By A. Fowlbb, D.So., F.R.B., Yarrow Beeeaioh ProfeeBor, and A. 6 Gaydom, 
B.So., Beaearch Student, Imperial College. 

(Received July IS, 1933 ) 

[Plats 4] 

Introdwtory. 

When compounds of carbon and oxygen are excited to luminosity m vacuum 
tubes, they give nse to a large number of band systems, depending upon the 
oonditions of electrical discharge Most of these systems have been discussed 
by vanous authors, and on the basis of the theory of band spectra have been 
attributed to transitions between difierent states of the molecule CO Details 
of these sjmtems, mcluding those ascribed to the ionized molecule CO*^, have 
been conveniently summarized by Jevons* and by Kayser and Konenf 

Another band system (Deslandres’ second negative) which occurs under 
favourable conditions has been attnbuted by Boir,^ and by Fox, Duffcndack 
and Barker! to the tnatomic molecule COf, since the bonds appear most 
strongly m COg, and are especially developed when a stream of this gas is 
passmg through the discharge tube. The suggested COg ongm of these bands 
appears to be supported by Smyth’s partial analysis of their structure || 

Quite recently, still another set of bands has been observed by Mile. Mane 
Kaezyfiska^ m the spectrum of the afterglow of the discharge through (X)g. 
The observations were made by drawing gas &om the discharge tube into a 
side tube, as in the well-known similar procedure for observations of the 
afterglow of mtrogen The afterglow was stated to be blue-grey in colour and 
to be most persistent at a pressure of about 2 mm. of mercury. As the pressure 
was mcreased, the mtensity of the lununesoenoe was mcreased and the colour 
became blue, but its extent and duration diminished rapidly. Increased 
intnuaty was also obtamed by fiequ^t renewals of the gas m the discharge 
tube. With on alternating ourroit of 60 mA, the lummescenoe was observed 

• ‘ Report on Bud l^eotza of Distomio Motocales,’ p. 286, llie Phywosl Sooiety (1932). 

t “ Handbooh dec Speotiosoopie,” voL 8, p. 302 (1632). 

} ‘ Astrophys. J.,’ voL 68, p. 313 (1930). 

{ ‘ FKoo. Kst. Aoad. Sd..’ voL 13. p. 302 (1987). 

II ‘ niys. Rev..’ voL 88. p. 2000 (1931). 

1 ‘BnlL Int. Aoad. Foloiiaiaes.’ A. voL lA p. 16 (1081). 
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to a distance of about 40 cm. and its duration was 8 seconds. The brightest 
part of the spectrum of the afterglow was found to extend from X 3860 to 
X 4836, and to be quite free from the Angstrdm bands of CO, which were the 
most prominent feature m the qiectrum of the exmtmg discharge. No further 
details of the spectrum, however, were given. 

The present investigation of the spectrum of the COg afterglow was unden 
taken in connection with work m progress on the spectrum of the flame of 
carbon monoxide. This flame spectrum has been found to have nothing m 
common with the spectra of oxides of carbon which have been observed m 
vacuum tubes, and it seemed possible that a further investigation of the COg 
afterglow might aid m its interpretation. It has been found, in fact, that 
apart from shght difEorences m relative intensities, the bands of the CO flame 
spectrum are identical with those of the COg afterglow, at least m the region 
X 3600 to X 4860. As observed in the flame with considerable dispersion, the 
spectrum is extremely complex and the constitution of the emitting molecule 
cannot yet be certamly stated. The general expenmental evidence, however, 
IS m favour of the supposition that the bands of the afterglow and of the CO 
flame onginate in molecules of COg 

Expenmental 

Attempts to observe the afterglow by drawing gas from the discharge tube 
into a side tube did not give very satisfactory results, and another device 
(due to A. G G) was adopted. The mam feature of this was the use of a 
mercury break with a shutter adapted so as to cut ofi the light from the spectro¬ 
graph when the discharge was passing and to allow it to pass in the intervals 
between the discharges when the afterglow was visible The mercury break 
was of the usual form, driven by an electric motor, but some of the plates were 
ranoved so that contact was made and broken only twice in each complete 
revolution A rectangular flap of brass, blackened so as not to reflect light, 
was secured to the vertical spindle of the break and was adjusted between the 
discharge tube and the sht of the spectrograph so as to permit no hght from 
the direct discharge to pass. 

An 18-inoh induction coil was used, and it was found necessary to mtroduce 
a fairly long spark gap in series with the discharge tube. The adjustment of 
the gap m order to obtain the best results was somewhat critical, but with 
due care the arrangement was found to woric quite satisfoctonly. 

The discharge tube used in these experiments was 60 cm. in length and 7 mm. 


2 B 2 
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in internal diameter, and of the form shown at T m fig 1. To facilitate oollima- 
tion, the main part of the tube was mounted with its axis vertical, and the 
upper end was closed with a quartz window, G. The electrodes consisted of 
stout alumuuum rods, FF, with a smtable clearance between them and the 
walls of the tube. Of the many discharge tubes which were tried, those of 
about the dimensions stated were found to give Ihe most satisfactory results. 
The discharge tube, and the side tube. A, for prepanng the gas, were made of 
pyrez glass, while the remainder of the system was of ordmary glass, jomts 
bemg made with red sealmg wax where necessary. No rubber tube was used, 
except in the short lead to the pump. 



The carbon dioxide was prepared by heating magnesium carbonate m the 
Bide tube. A, and was stored m the btre flask, B. The gas was condensed in the 
Bide tube, C, by &eezmg with liquid ur, and it was then possible to pump oirt 
any air or other impunty liberated by the heatmg of the tube A for the prepara¬ 
tion of COf, On removing the bquid air firom the trap, C, the carbon dioxide 
volatilized first, leaving most of the water vapour m C, which was dosed as 
soon as sufficient gas had entered the storage flask, B The trap shown at D 
was further introduced to remove water vapour by applymg either solid ewbon 
dioxide or a mixture of alcohol and liquid air. After leaving the reservoir, 
B, the gas passed through a phosphorus pentoxide drying tube, E, into the 
discharge tube. The whole system was first evacuated by a good mechanical 
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pump, giving a preesure estimated at 0*001 nun , and a oharcoal-liqnid air trap, 
H, was need farther to improve the vacuum. 

Light from the discharge tube passing through the window, Q, was reflected 
by a small speculum mirror through a right angle, to render the beam of 
light horizontal and m coincidence with the collimator of the spectrograph A 
quartz lens placed near the mirror formed an image of the discharge on the 
rotating shutter, and a second quartz lens focussed the light &om this image 
on the slit of the spectrograph. Care was taken that full illumination of the 
collimating lens was secured. 


Occurrence oftlie Afterglow 

The afterglow, as noted by Mile. Kaczyfiska, was observed to bo of a bluish- 
grey colour, but it was always very feeble, so that long exposures were necessary 
for photographs of the spectrum. Under favourable conditions, it was observed 
to persist for about two seconds when the experiment was made in a darkened 
room A powerful discharge was found to be necessary for its production. 
Experiments with a condensed discharge, however, were not very successful 
on account of the mtense heating of the discharge tube; the afterglow was 
still present, but was less blue m colour, and the spectrum was the same as 
that obtained when the uncondensed discharge was used. 

The afterglow was bettor observed the more completely the COj was dried, 
but although the “ water vapour ” bands at X 3064 did not appear m the 
spectrum of the discharge itself, they were always present m that of the after¬ 
glow. 

As possibly having some beanng upon the interpretation of the afterglow 
and its spectrum, observations were also mode with the same apparatus when 
CO was substituted for CO, m the discharge tube, the CO being prepared by 
droppmg formic acid into pure sulphuric acid. In the first experiments, a 
very feeble afterglow was observed but this disappeared completely when water 
vapour was removed by the use of the liqmd air trap D, (fig. 1) Under these 
conditions, with the g»s at various pressures, exposures of 10 hours duration, 
using a small spectrograph and a wide slit, yielded no trace of an afterglow 
spectrum. The admission of a trace of water vapour, however, caused the 
reappearance of a feeble afterglow, and this was agam extmguished when a 
larger quantity of water vapour was mtroduced. A photograph obtained 
when the afterglow was present, though rather weak, was sufficient to show that 
the qieotrum was the same as that obtained when the gas m the discharge 
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tobe waa COg. No aftet^ow at all waa obaerved when water vapoqr alone 
waa paaaed through the diaoharge tube. 

Spectrum cf the Emtmg Discharge. 

A photograph of the apectrum of the diacharge which appeared to be moat 
effeotive in generating the afterglow is reproduced, together with that of the 
afterglow, in Plate 4, Noa. 1 and 2. The main features of the spectrum of 
the discharge are the Angstrom bands of GO and the so-called “ Third PomtiTe ’* 
bands of this gas, all of which are of great mtensity. Bands which have been 
attnbuted to COg, among which are bands degraded towards the red, having 
their heads at XX 3247, 3370 and 3503, were entirely absent. In the further 
ultra-violet the bands appearing in the discharge tube (out of range in Plate 
4) were those of the “ Fourth Positive ” system of CO The bands of Dcs- 
landres* “ First Negative “ group, which requure much greater energy for their 
production, and are now attnbuted to GO*^, wore entnely absent 

It should be noted further that the spectrum of the discharge gave no indi¬ 
cations of either molecular or atomic carbon, and no evidence of the presence 
of atomic oxygen. Smce the GO shown in the spectrum of the discharge tube 
has been denved from GOg, oxygen must also have been present, and m view of 
the absence of the well-known bands due to lonued oxygon molecules (Og'*’), 
it must be concluded that the oxygen kberated under the conditions of tlie 
present experiments was m the form of neutral oxygen molecules. The most 
oharactenstio bands of such molecules, however, have been observed only m 
absorption, and no direct confirmation of their presence was given by the 
spectra obtamed. 

The phenomena observed in the afterglow would accordingly appear to 
depend upon the interaction betwem. neutral oxygen molecules and excited 
neutral molecules of carbon monoxide. 

Spectrum of the Afterglow. 

On account of the feeble luminosity of the afterglow, photographs of the 
spectrum could be obtained only with instruments of small dispersion. Several 
photographs were taken with a Hilger small quarts spectrc^ph (E3) and 
others with a latge«pertaie glass spectrograph giving about 2]f times the dis- 
penion in the blue and nearly twice the rapidity. 

The character of the spectrum, as ducted with small dLqpemon, will be 
gidlMnd firom Plate 4, No. 2. In agreement with Mile. Eaoqrliika, it i^ipeaia 








Speotrum of the Afterglow of Carbon Dioxide. 807 

quite oondnaively thet the spectrom of the oftoj^cnr hat nothing in oommon 
with that of the exciting dieoherge. The speotrmn oonauts of a snooeenon of 
narrow bands of varions intensities, following each other at short intervals, 
and the bands arc not clearly degraded either towards the red or the ultra* 
violet. The bands could not be identified with any of the numerous band 
systems of CX) or with the known bands of GO|, but, in due course, it was 
recognized that the spectrum was closely similar to that of the flame of (X) 
burning in air or oxygen. The sinulanty of the two spectra will be gathered 
from the comparison of spectra Nos. 2 and 3 in Plate 4. There are slight 
differences m the relative intensities of some of the bands, and m contrast with 
the GO flame the afterglow is oomparatiyely ffee £rom continuous spectrum, 
so that the oharacteristio bands are more clearly displayed. On account of the 
much greater brightness of the flame, the true character of the spectrum can at 
present be more completely mvestigated by observations of the flame than of 
the feeble afterglow. 

Numerous experiments have been made with vacuum tube discharges of 
various forms in the hope of obtaining a brighter source of the after^ow 
bands, but so tat they have not been successful. 

Spectrum of the Flame of CO. 

An extended senes of observations of the flame spectrum of CO under varied 
conditions was made m Professor Bone’s laboratory a few years ago by Weston.* 
His papers on the subject included a descnption of the spectrum by one of the 
present authors (A. F.) and approxunate measures of 62 of the principal bands 
m the region X 3911 to X 6666 These measures were made on a plate taken 
with a Bilger E2 quartz spectrograph, and m view of the ill-defined character 
of the bands th^ were beheved to be subject to errors amounlang to at least 
2 or 3 Angstrbms. It was oondnded that " the GO flame bands constitute 
a characteristic speotrum which is qmte distinct from the more familiar oxy- 
oarbon bands which have been observed in vacuum tubes.” 

Among numerous other results, it was found by Weston that when the gas 
was burnt in air at reduced pressure, the banded part of the spectrum became 
mote distinct, while the oontinuous part became less intense. By the kind 
permission of Frofessor Bone, one of the photographs taken undsr these am* 
ditioDS (No. 16 on Plate 1 of Weston’s first paper) is reproduced in No. 3, 
Plate 4, for comparison with the afterglow spectrum, No. 2; t^ rqaeeents 

* * Ftoo. Bey. See..’ A. vtiL 109, pp. 178,5S3 (1985). 
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tJieflaineofCObiiziunginozygenatapreesureof 100 mm. In this photograph 
the bands occupy preoisdy the same positions as those of GO burning in aur at 
ordinary pressure, and a careful comparison has shown that they are also in 
complete agreement with the bands of the afterglow 

An important observation made by Weston was that when the CO was well 
dried, the water vapour bands, which are prominent when the undned gas is 
burnt, were almost absent fiom the spectrum, while the continuous and 
banded parts of the spectrum were apparently unchanged. The charactenstio 
features of the flame spectrum thus appeared to be independent of the 
presence or absence of water vapour 

The conclusion reached by Weston, with the support of Professor Bone, was 
that “ m the flame of pure (undriod) carbon monoxide, two sets of mdependent 
interactions occur simultaneously, namely, (a) direct interactions between 
carbon monoxide and oxygen, exciting radiations which give rise to the con¬ 
tinuous and banded parts of the spectrum, and to the charactenstio blue colour 
of the flame, and (6) interactions between CO and OH| molecules, which ongmate 
the ‘ steam lines ’ in the spectrum.” There was, however, no evidence at that 
time to show whether it was molecular or atomic oxygen that was concerned 
m the mteraction of carbon monoxide with oxygen 

The spectrum of the CO flame has also been mvestigated by Kondratiev'*' 
over the region X 2800 to X 6000 In these experiments, a mixture of CO and 
Oji m combining proportions was passed through a quarts tube which was 
heated in an clectnc furnace to temperatures of 600°-760° C , the pressure of 
the mixed gases rangmg &om 20 mm to 60 mm. From the reproduction of the 
spectrum and the tabulated wave-lengths of the bands measured, it seems clear 
that the spectrum obtamed m this way did not differ materially from that of 
the CO flame in air or oxygen. Kondratjev gave several reasons for attributing 
the charactenstio bands to CO„ but did not consider that this conclusion was 
finally established. 

The afterglow spectrum, as photographed with small dispersion, has an 
appearance of simplicity which is not mamtamed when its analogue in the GO 
flame spectrum is photographed with the larger dispersion of Hilger’s quartz 
spectrographs £2 and El. With these instamments the spectrum has been 
found to be extremely complicated, consisting of a great number of narrow 
bands of various intensities, many of them being double. A few bands are 
possibly shaded to the red, but the majority of them are not clearly degraded 
in either direction. Some progress has been made in the analysis of tils 
• ‘ Z. Phyrik,’ vDl. 63. p 322 (1930) 
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atmotoie of the Bpeotrom, but the lesolte are still far from complete. The 
complicated system of bands, however, strongly suggests that the origin of the 
speotmm is something more complex than a diatomic molecule. 

Swmiwy ani Condasions. 

The more important results of the experiments which have been mentioned 
above may oonvemently be summarized as follows — 

(1) The spectrum of the afterglow of CO, is different from any known 
spectrum given by oxides of carbon m vacuum tubes, but has been 
found to resemble that given by the flame of CO burning m air or 
oxygen 

(2) The sitectrum of the excitmg discharge indicates that the afterglow is 
generated by the interaction of excited neutral molecules of CO with 
neutral molecules of oxygen. Under the conditions which gave rise to 
the afterglow, there was no evidence of dissociation of the CO, other 
than into neutral molecules of CO and 0,. 

(3) The characteristic bands of the CO flame spectrum are mdependent of 
the presence of water vapour in the CO undorgomg combustion (Weston). 

(4) The HO bands which occurred in the spectrum of the afterglow probably 
originated m interactions between excited CO or 0, molecules and water 
vapour which was present in quantities too small to reveal its presence 
m the excitmg discharge. 

These observations appear to be entirely m favour of the view that the 
bands of the CO, afterglow, and of the CO flame, are produced by the direct 
combination of CO and 0,, without dissociation mto atoms of carbon and oxygen 
or molecules of carbon. 

The probability that the charactenstio bands of the afterglow represent CO, 
molecules is also strongly suggested by the great complexity which is revealed 
by tbe use of spectrographs of adequate resolving power. 

DESCRIPTION OF PLATE. 

Fu. 1.—Speotnun of 00, disoharge by which the afteigtow shown m No 2 was generated. 
Exposure 6 seconds. The IngstrOm and Third PositiTe bands of CO are very oon- 
spionons. The Fourth Positive CO bands were also present but are out of range in 
the reproduotion. 

Vn. 2.—Speotmm of the 00, afterglow. Exposure 12 hours. 

>to.S.—Speotmm ofthe flame ofCO burning in oxygen at a pressure of 100 mm. (Weston). 
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BeryUwm and Hdium. I .—The Helium Contained in Beryls of 
Vaned Oeologtcal Age. 


By Lord RATtKiGH, For. See., R.S. 

(Received July 19,1933.) 

§ 1. ItUroduetum 

Many years ago I found* that the mineral beryl (composition AlfBeg (SiOg),) 
contains much more helium than can be accounted for by the small traces of 
radioactive matter of the uranium and thonum senes prraent in it. The some 
ground has been partly gone over again by other workersf bat it cannot be 
said that their papers contain any further advance towards determimng 
definitely the ongm of the helium found. 

Recently, on reconsidering the subject, it appeared that there was one 
outstanding pomt at least which was reasonably accessible to investigation, 
namely, the relation of hebum content to the geological age of the sporamen. 
If hehum has accumulated m the mineral as the result of atomic dismtegration 
continued through long geological periods, we should expect large hebum 
content to be found only m beryls commg from ancient formations. If, on 
the other hand, it had been trapped in some way when the mineral was formed, 
or if its presence were dne to the rapid dismtegration of a comparatively short- 
bved parent such as radium or lomum ongmally present m the mmeral, 
we should expect to find more hebum m the beryls of younger formatioiis, 
since the opportumties for its escape have been less. 

Recent commercial interest m the production of beryllium has led to a more 
intensive search for beryl, { and the continued labours of geological surveys 
in different parts of the world have also brought many fiesh occurrences to 
Ught. It has, therefore, been possible to examme a much wider vanety of 
samples than would have been obtainable m 1908. 

The large majority of occurrences are in pegmatite or coarse grained gramte. 
It not infrequently happens that veins of pegmatite, which is considered to 

* * Free. Boy. Soo.,’ A, voL 80, p. fi87 (1908); see alwi voL 84, p. 19S (1910). 

t Flntti, ‘ Bend. Aoo. Linoei.’ voL 23, pp. 140, 071 (1918); Sasaki, ' ftilL Ohem. Soo,, 
Jqpaiif’yaL 1, p. 268 (1936); FSueth and Peters,‘Z.pl^ Obeia,’B, voL 1, p. 170(1988). 

$Cy. a pamphlet, “BccylUom (Glnomum) and Beryl,” compiled by tbs Imperial 
Institiite (HJf. BUtkmery OlBin, 1981). 
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repieaent the last phase in the consolidation of gtanite* leptes^t ofEshoots 
from large giamte “ batholiths ” and when such veins cat and bake sedi¬ 
mentary rocks of known geological horuon, there can be no doubt that they 
are younger than the latter. In other cases, as m the '* basic complex ” of 
the African contment, the pegmatites definitely underiie the sedimentary 
rocks, and are therefore older. The geological evidence is often far from 
being as defimte as might be wished, but practically there is little doubt about 
the broader classifications of age, on which the mam conclusion will depend. 
In most cases it will be enough to cite the opinions of geological authorities 
without going into their reasons m detail; but m a few critical cases of special 
importance some detail may usefully be given. 

By far the majority of the known occurrences of beryl are in the oldest 
formations. The reason for this may be sought in the fact that the beryl- 
beanng gramtes and pegmatites are “ plutonic ” rocks formed by the con- 
Bobdation of rock magmas at great depths under the earth’s surface. In the 
case of younger formations, time has often been lacking for the exposure of 
these by erosion of the overlying material In the present work, specimens 
from the younger rocks have been diligently sought, but only a limited number 
have been obtainable. Nevertheless, they seem to bo enough to allow of a 
defimte conclusion. 

§2 Experimental 

In the older work, helium was extracted from the beryls by heat. I have 
not been content with this simple method, which gives no adequate secunty 
that all the helium has been extracted. It has been thought necessary to 
break down by chemical decomposition the crystal structure in which the 
helium IS held 

Silicates are ordinarily decomposed for analysis by alkaline carbonate m a 
platinum vessel at a high temperature This is teohnioally difficult to carry 
out when the gas evolved has to be collected quantitatively. The advantages 
of using a soft glass vessel are obvious, but any reagent capable of attackmg 
a Bihcate will neceeaanly attack the glass also. This objection has not in 
practice been found to be senous. In order to eat away completely a gram 
of the powdered matenal, it is only necessary that tiie reagent should remove 
a layer of depth equal to the radius of the grain. By fine powdering, this 

« On this subject, see espeoiaUy “ Qeology of the Pegmatites and Associated Bocks of 
Maine,” by Bdsem 8 . Bastin. ‘ U.S. OeoL Sorv. Bull No. 445,’ (1911); also “ Rate-element 
Minerals of Canada,” by H. V. Elsvorth, pp. 111-130, ‘ OeoL Snnr. Can., Eomomk Geology 
SeciM No. 11,’ Ottawa (1932). 
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tadina may be made very small; and if the lesistanoe of the glass walls to 
attack IS at all of the same order as that of the mineral under mvestigatioa, the 
thickness of glass corroded away during the experiment will not be important. 

In praotwe it has been found that caustic potash at 300® C. quickly decom¬ 
poses finely powdered beryl, without much destructive action on the glass 
vessel. The shape of the latter is as shown m the figure and it is enclosed 
in an electrically heated asbestos oven as shown by the dotted lines. The 
slope of the exit tube is ncoesscuy to prevent the water which is always 
contained m commercial sticks of caustic potash from condensing and running 
back into the vessel; this would almost certainly cause a crack. The con¬ 
densed water runs forward into a drymg tube contaming broken stick potash. 
The gas is taken off through a Topler pump. 



Fio 1 I actual aizc 


In makmg a determination, 1 to 5 grams of beryl was finely powdered m an 
agate mortar, and introduced into the tube with about five times its weight of 
commercial stick potash. It was scaled into the pumpmg system and ex¬ 
hausted. Oxygen was then admitted to about 10 cm. pressure, so as to prevent 
undue frothing, and the oven was heated up. The potash fused at about 
200® C., and at a rather higher temperature began to act vigorously on the 
beryl. This process could be watched through a mica window m the hd of the 
oven. As the temperature rose, water began to come over, the effervcscmg mass 
became pasty, and ultimately solid. At this stage the temperature had risen 
to about 300® or 310° C , and the action was over. 

To make sure that decomposition was complete the residue was washed with 
water and all soluble or flocoulent matter poured off. The residue was then 
warmed with dilute acid and this was in turn poured off. After further wash¬ 
ing, the residue, if any, consisted of separated silica, soluble in warm caustic 
potash solution. No undecomposed beryl remained. After testing several 
jesidues in this way with satisfactory results, complete decomposition was 
usually taken for granted. 
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To letiim, botrever, to the method of dealmg with the evolved gas. This 
along with the added 0 X 7 gen was taken oS thiongh the Tdpler pomp, and 
introduced into a gas burette, where it was exploded. There was always a 
considerable quantity of hydrogen present in it The amount varied, and no 
particular note was taken of it, but it may perhaps have often been about 
16 C.O. per gram of beryl The decomposition vessel (still kept hot) was washed 
out with more oxygen, and this in turn was added to the gas m the burette 
and exploded; this was contmued till oxygen was m excess. The gas was 
then sparked over caustic potash to remove nitrogen. When contraction was 
over or nearly so, the excess oxygen was removed with phosphorus. The 
small residue from this operation, measurmg perhaps 0*1 c.o., was mtroduced 
through the gas burette into the apparatus for final purification and measure¬ 
ment. 

This final purification was by means of charcoal cooled m liquid air. The 
gaseous residue was allowed first to stand m contact with 1 gram of cooled 
charcoal, connection bemg open to the measurmg apparatus, and to a second 
charcoal vessel, also contaimng 1 gram, but not yet cooled. After standing 
for some time (say, 30 minutes) m contact with this, the first charcoal was shut 
off and the second one brought into action. The measurement was earned 
out in an arrangement sunilar to a McLeod gauge, though it was, of course, 
used m this case pnmanly for measurmg volume, not preesure. The cylmdrioal 
bulb of the gauge was of about 300 o.o. capacity, thus its volume was large 
compared with the charcoal bulbs and connections. To a first approxunation 
the gas m this bulb might be taken as representing the whole quantity of 
helium. The necessary correction was detemuned as will be explained 
presently. 

The gas was allowed to stand for some tame m contact with the second charcoal. 
Owing to the rapid diffusion at low pressures this gave quite satisfactory puri¬ 
fication throughout the volume of the complex tube system, uniform com¬ 
position bemg reached almoet instantaneously. After, say, 30 mmutes, the 
residual gas was compressed into the measuring tube of the gauge, and its 
volume determined at some suitable pressure, chosen according to the quantity 
of helium present. As a check on punty, the spectrum of the residual gas 
was examined m the measuring tube itself. For this purpose a wire twisted 
once round the top of the tube was connected to one terminal of a small 
induction coil, the other terminal gomg to the mercury. The gas pressure was 
lowered to 1 cm. or less, and the discharge exammed through a direct vision 
prism. If all had been done rightly, the helium lines stood out brilliantly on 
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a dark background. Indeed, unlees the quantity was exceptionally small the 
yellow colour of the discharge was reassuring even without the prism. 

The measnimg tube used had a volume of 1'626 o.min. per millimetre length. 
Taking mto account the range of pressure allowed for, the arrangements wen 
convenient for measuring quantities of hehum between 100 c.mm, and 0*06 
o.mm. at N.T F. 

As already mentioned, it was necessary to correct for helium remaining m 
the charcoal and connecting tubes. To determme this correction an arbitrary 
quantify of pure hehum was trapped m the measuring tube and its volume 
measured. The charcoal tubes and connections up to the gauge were then 
washed out with a httle air, and exhausted so that no hehum remained m 
them. The mercury was then lowered in the gauge, so as to allow some of the 
hdium to flow mto the charcoal vessels, which were cooled in turn, as m the 
standard procedure desonbod above. On measurmg the hehum volume agam, 
it was, of course, leas than before, a fraction of it remaining in the charcoal 
vessels and connecting tubes. The ratio of volumes was 1*154, and this 
factor was apphed to the measured volume m each case, so as to allow for the 
hehum remaining in the charcoal vessels and connecting tubes The volume 
was further reduced to N.T.P. 

§ 3. TcMaied BeavUt. 

In giving the results, a broad classification mto Archrean, Paheozoio, Moso' 
ZOIC, and Tertiary, will be adopted m the first instance. In many cases the 
geological evidence does not really justify more than this, if mdeed so much. 
After a prehmmary survey, the more significant oases will be dealt with m 
greater detail. 

In the following lists the first column gives the looahty, and the second the 
source of my geological mformabon. This is often simply the statement of the 
director of a geological survey or other competent authority who has kmdly 
written on the matter In many cases it is to them that I owe the materiaL 
Such information is entered as p.o. (pnvate commnmcation). In other cases 
pnnted sources are cited. The results of the older investigation are inoorx>orated 
m these lists. 

§4. Diaouuion. 

In examinmg these lists, it will be obvious that beryls of a given geoli^ical 
epoch may have almost any helinm content over a wide range. Indeed, it 
cannot be said that there is any dear indication of an upper limit. The teat 
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Locally of ipecdiiieii. 

Anthonty for geolo^oal age. 

oontontp 

<uum. 



pergnun. 

Bw^atore-Kankanham Boad, l^^aon. 

Dr. L. L. Fermor (p.o ) 

77-8 

Paaohiataa Hill, 41 milea N W. of Goal- 

AMA.fn, TnHia.. 

.. 

81-0 

Lmdidoip Diitriot, TraaiTaal (from 
Beryl Mining Oo^ Johanneabnrg). 
LakaUnarayana Hina, Ndlore Bliitnot, 

Dn Toit, ‘ Geology of S. Africa.’ Map 

Dr L L Fermor (p.o.) 

S0‘S 

16-4 

Hadiaa. 


Koanmbah Central Prorinoea, Bhandia 


16-0 

Diatriot, India. 

Lyndooh Qnany, Renfrew Ca, Ontario, 

H. V. Ellsworth, “Rare Minerala of 

14 8 

Oanada 

Canada," pp. 16^ 228. 


Bihar Mioa Bolt, India 

Dr. L. L Fermiir (p. 0 .) 

14 0 

XQana Village, Ajmer State, Rajput. 

•• 99 

13-S 

ana, India. 

Minaa Garaaa, Braail 

B. von Freybog, “ Ehgobnwse Goolo. 
giaobe Korsohungen m Minas Geraea *’ 

131 

Cape Province, 30 miles N.W. of Stem- 

Du Toil,‘Geology of 8 Africa’ Map 

11 6 

kopf, Uushman Land 


S. Ni^ria, between Ede and Offo River 

“ BuIL GeoL Snrv, Nigeria,” No 2, 
p 17(1022} 

10-7 

Balingnp, W. Anatralia 

“ Gecdogical Map of Anstraha,” fay F 
W. E^worth David, Sydn^, 1032 

0 64 


Alao expianatoiy Notoa to aame, p. 32 


Kammp Ihatiiot, Aaaam 

Dr L. L. Fermor (p.c.) 

8-68 

Ukeiia Mioa Mine, Mahaiatl, Monghyr 


8‘11 

Oiitnot, Bihar and Onasa. 

Amaii, Nigeria _ 

“ BnlL Geol Surv, Nigeria," No. 6, 

7-79 

IS to 16 miles NNE of Olaiy, & Ana- 

p. 31. 

” Edgeworth David’s Map of Australia,” 

6 98 

tralia. 

Somaliland, lat 10” N.. long. 46” E. 

Sy£iey, 1032 

“ Arst Report on Geology and Mineral 
Reaouroea of Bntiah Bomahland,” 
pp. to, 30 (1024). 

Du Toit, “ Gwlogy of S. Africa.” Map 

6-55 


Nakop, S. Africa 

4-80 

Norway No locality given 

ProbaUy Arohiean 

DuToit, "Geology of B. Africa." Map 

4-76 

Kalkfontoin, S. Africa 

4-14 

ITn-hw AtW**^** 

,, ,, „ 

SOS 

Govind Sagar, Kiahengarh State, Baj- 

Dr L. L. Fermor (p o ) 

3 40 

Piu° Gwalior State, within Udaipor 

It It 

3‘83 

State. 

Knarwa, Ajmer, Rajpntana 


8-06 

Kenya Colray (no locality givoi) 

F R C. Reed. “ Grology of British Em¬ 

2-66 

W. of Hnohail. Fadar, Kashmir 

pire,” p. 27 (1021) 

DonbtfuL Probably Arahaan Dr. L. 

2-40 

Egypt, lat. 24° 40' N., near Bed Sea 

L. Fermor (p.o}. 

F. R. C. Bee^ “ Geology of British Em- 

0-034 

Deadwood. S Dakota, DJ3.A. 

^"(1021) 

' UB. GeoL Surv BoK Na 607,’ p. 38 

0 824 

nttamalal ViUage in Goviohettypala- 
yam Think. Cofrnbatore Diatriot. Had- 

Ifr. L. 1L Fenner (p-a) 

0-666 

KaUdwdn Mioa Mine. Nalkm Diatriot, 


0-416 

Madtaa. 

Konigawartab Bohemia 

F. KiatMT, "Geologie von Bdhman I 
E»gMk"(l«M). Ma;. 1 

0 0660 
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Helium 

Locality of ipeoimca. 


oontentp 

0 mm. 


Authority for geological age. j 

per gram. 

Aoworth. New Hampahire, JL 

Habron, Maine, U S.A. 

Cheite, PenniylTania 
litohfield. New Hampahiie. U.S^ 

New Hampahire (no oeUil) 

AmeUa, Co. Virginia 

Maaaaohaeetta (no detail) 

Madagaacar 

See below, p. .178 

Dr. W. C Mendenhall (p.o.) 

See below, p 378 

Lacroix. “ inneialogia de Madagaacar,” 
(1923) Paaaim. 

Don Lttia de la PcAa y Bralla (p e ) 

“ Mineral Reeouroea of N.8. Walea^” by 
E A. Pittman, p. 406 (1901). 

See below, p. 378 

Profoaaor J Schetelig (p.o.) 

See Mow, p. 378 

Cede and HaUaay. “ Geology of Ireland,” 
pp.6,7. 

Imperial Inatitnte. Monograph on 
BeiyUinm and Beryl, p 18 (1931). 
Dr.ftJ.'TamkeieffCp.e.) 

16 8 

7 02 

6 80 

6 77 

3 46 

3 32 

3 20 

1 86 

GaUeia, Spain 

Anatralia, Emerald (toobably from 
EmmaTiUe, N 8. Walea.) 
Maaaaohiiaetta (no detail) 

Maaaaohaaetta, aquamarine 

Hnmm, Oalo Distrlet, Norway 
BranohTiUe, Coonooticnt (Roae beryl) 
Donegal, Ireland 

Onarda, Pmtiigal 

Siberia (Urala) 

Siberia (Urala) (emerald) 

1 47 

0 667 

0 626 

0 480 

0 317 
0-281 

0 277 

0 244 

0 226 

0 0926 


Latab, Co. Idaho, U.S~A. 

See briow, p 370 

See below, Pala, OtUfomia 

2-27 

Tbmeonla, Oalifomla 

0-818 

Oolnmbia (emarald) 

" EwyolopNdia Brttannioa ” (artiole 

0-469 

Byengxi Peak, Jamettlm Diatriot, 

Dr L. L. Permor (p.o.) 

0-167 

Snebo Sunn, Taroy, Burma 

Pida, Oallfomia 

Sfarwigli. Lutknp, CUtnl, N.W. 

“ Report’ 14, State Minerelogiat, Cah- 
foniia.”p. 640 (1913-14). :^H.Hnd- 
aon, CmYeraity of CaUfomia, 'Pub. 
OeoL Sd toL 13, p. 176 (1922). 

Dr. L. L. Fermor (p.o.) 

0-120 

0-0261 

0-0627 

Prmtier Ftorinoa, India. 



Tertiuy. 


BecgoBAlp 

Lundy TmImnuI (Briitol Ouaiiel) 

See below, p. 380 „ 

Probably tertiary. Profmaor W. T. 
Gordon (p.c.). 

Dr. W. 0. MendenbaU (p.o.) 

Pro&aaor W. W. Watta (p.o.) 

0-884 

0-110 

C3ear Creak, ChaSee (3o., Colorado 
Mbome Monntaini^ Irriand (aqna- 

0-0872 

0-0768 

Brown’a ^lolob, CoKbe Co, Colorado 
Monntuna, Ireland 

Elba 

Dr. W. a Mendenhall (p.o.) 

P^tdeaKT W. W. Watta (p.o.) 

” X^dopdia Britanmoa ” (aithde 

0-0646 

0-04U 

0-0182 
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of many farther specimens would probably reveal examples in each of the four 
epochs with considerably more helium than any here examined, but my own 
effort in this direction is exhausted 

In spite of the fact above mentioned, it is also apparent that beryls of 
archsean age contain in general far more helium than beryls of tertiary age. 
Indeed, if the archeean and tertiary were arranged together in a single hat, 
in order of helium content, there would be little overlappmg. We see, 
then, how very sharply this contrasts with what would be expected if the hehum 
had been present at an early stage in the history of each specimen For in 
that case the tertiary specimens should contain more helium than the others, 
havmg had less opportunity to lose it 

In general, each epoch tends to show smaller helium content than its pre¬ 
decessor We may compare the maxima m each list, but this is somewhat 
arbitrary, depending too much on exceptional specimens which might easily 
have been imsaed in obtaining the material Kven the arithmetic means for 
each period are too much affected by these exceptionally nch spedmens, 
and the medians, or values half-way down each list, are more representative. 
The values (cubic nullimetros helium per gram) stand thus :— 

Archsean. Palseozoic. Mesozoic Tertiary 
Maximum .. . 77-6 16-8 2 27 0-384 

Median G-98 1-47 0-157 0 0758 

In view of these results, it seems safe to consider that the correlation with 
geological age is established, m the sense that increased age tends to bring 
increased helium content. 

Great vanabilily is found, however, m specimens of the same age, even in 
localities geologically similar and not very far apart geographically. The cause 
of this variability requires attentive consideration. Having regard to the 
de&mteness of beryl as a mineral species, and the comparatively small varia¬ 
bility of composition, it is probable that one specimen of uuweathered beryl 
can, ocEteris panbw, retam helium as well as another; and, if so, the variability 
of helium content at a given age would most naturally be attributed to the 
temperature variations which the specimens have undergone daring their 
past history.. The temperature will m any case have varied acoording to the 
depth below the earth’s surface at which they may have been at different 
periods of geological time ; and other and more violent agencies have probably 
mtervened. Some specimens of beryl crystals are visibly bent, and m view of 
the experimental fact that moderate heating drives out much of the hdium, 

▼OL. coon.— A. 3 a 
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it would scarcely be expected that the gas would be retained under such 
vicissitudes. 

Accordingly the question put at the beginning of this paper is answered in 
the sense that heliuni is continuously generated m beryl throughout geological 
time. Sometimes it is largely retained, sometimes not, accordmg to circum¬ 
stances. This view IS consistent with the facts, in that the older beryls contam 
considerable quantities of helium, while, so far as the data go, the younger 
ones never do so. 

The evidence, taken as a whole, allows us to make the above assertion. 
Unfortunately, the possibihty that helium may m mdividual cases have been 
lost, prevents the relation being of much use to the geologist, for determining 
the age of a given sample from the helium content 

Special importance attaches to the case when a specimen contains more helium 
than any of the contemporary or than any of the younger specimens These 
cases which head the several lists given on pp. 375, 376, and constitute the 
maxima collected on p 377 are the most informing, if we wish to approximate 
as nearly as may be to the total quantity of helium which has been generated 
in beryl since a given geological epoch They may usefully be recapitulated 
with a fuller statement of the geological evidence, which for some of the speci¬ 
mens 18 fairly definite. 

Archaan —By far the largest helium content (77*6 emm per gram) is 
found in beryl from pegmatite on the Bangalore-Kankanhalli Road, Mysore, 
India. This belongs to the basic archsean platform of India There has been 
some difference of opmiou as to whether these granites and pegmatites are to 
be placed in the earhest sub-division of all, or not * 

Ptdaozoxo —Notbmg has been found m the present work richer than the 
specimen of beryl from Acwortb, New Hampshire, U.SA., contammg 16*8 
c mm. helium per gram, which is described in the earber mvestigation Other 
specimens from this locality are not equally nch. The age is late Silurian or 
Devonian. 

The granites of the New England States and their associated pegmatites are 
all considered to be of nearly the some age. This is on the ground of the 
general suxulanty of character, and of the nearly continuous extension over 
long distances bridged in some cases, by areas intensely mtruded with gramte 
The age is best mdicated m the Ferry region on the eastern border of Marne. 
“ In the Silurian rocks of this region no granite pebbles are found, but such 
pebbles, plainly derived from the ma.in granite masses of this region, occur 
* Sm “ Geokgy of the Britith Empire," by F. R. 0. Beed, pp. 9M-26fi (1881). 
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abundantly m th« conglomerate of the Ferry formation, which is of late 
Devonian age. The granite of the Perry region is therefore late Silurian or 
Devonian m age. Evidence confirmatory but leas complete is found in the 
Vinalhaven region, where the gramte mtrudcH surface volcamcs of Niagaran 
age.”* 

Mesozoic .—^Beryl from Latah County, Idaho, U S.A , contains 2 27 c mm 
helium pet gram Age, late Jurassic or early Cretaceous A statement of the 
geological evidence for this has been kindly drawn up for me by Dr. W Q 
Kennedy, of the Geological Survey of Great Britain. The followmg is slightly 
compressed from his account + 

The pegmatite dykes from which the beryl is obtamed belong to a class of 
dykes, some of which cut the plutomo rocks (quartz-monzonites) of the distnct, 
and belong to the same period of mtmsion as the latter, which are to be classed 
with the mam mass of the Idaho bathohth The beryl-beanng rooks are 
therefore of the same general ago as the Idaho bathohth, which, on the follow¬ 
mg grounds is referred to a late Jurassic or early Cretaceous ponod of mtrusion. 

(1) The batholith is much older than the miocene, for the miocone volcanic 
rocks of the Colombia plateau rest on the eroded surfaces of the gramtic rocks. 

(2) In the Salmon Kiver region, the bathohth mtrudes and alters rocks of 
Permian and Triassic age, and belongs therefore to a ponod of rntrusion later 
than the Tnassic 

The above direct evidence pomts to a post-Tnassic and pre-Miocene age for 
the bathohth The follow'ing mdirect evidence, however, may be adduced 
m favour of a late Jurassic or early Cretaceous ago. 

(3) In Eastern Oregon, granitic rocks, closely similar to the Idaho bathohth, 
and presumably of the same age, are known to belong to a post-Triassio and 
pre-Upper Cretaceous penod of intrusion 

(4) The Nelson bathohth m Bntish Columbia is correlated with the Idaho 
bathohth, and is beheved to be a Northern contmuation of the latter, although 
the two masses are not actually connected at the surface The Nelson bstho- 
lith IS younger than the carboniferous strata, but older than the upper Cre¬ 
taceous. It 18 related to orogemc movements which took place in Jurassic 
times, and most probably dates from a late Jurassic or early Cretaceous epoch. 

* O. 0. Smith, “ Bull, UB OooL Surv. No. 313," p. 11 (1907). 

t The eouroee of information oro. D. B. Sterret, “ The Mica Depoeite of tbo Umted 
StotM.” ‘ Bull. U.S. Oeol Surv,’ No 746, p. 86 (1923); A. L. Andencm, “Mioa Depodto 
of Lotah Co.,” ‘ Idaho Bw. Mm. GeoL,' pamphlet No, 14; 0. T. Bom, “ Tactiary Qramtfc 
Rooks in Idaho,” ‘ J. QeoL,' voL 36, p. 673 (1928). 

2 c 2 
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(5) Tetaaiy and late Cretaceoue igneous rocks are known from various 
parts of Idaho, and m all cases they are younger than the Idaho bathobth. 

From the direct evidence, therefore, the gramtic rocks (and by inference the 
beryl-beanng pegmatites) of Idaho are of post-Tnassic and pre-Mioome age. 
The indirect evidence, however, pomts most strongly to a late Jurassic or 
early Cretaceous age for these rocks. 

Tertiary .—Beryl from the Bergell Alp contains 0*384 cmm. hehum per 
gram. Age, Middle or Lower Miocene. The evidence* for this has been sum¬ 
marized for me by Dr. Keimedy as follows — 

(1) Within the Bergell region there are representatives of the three great 

Pennine Nappes, the Great St. Bernard Nappe, the Monte Rosa Nappe, 
and the Dent Blanche Nappe. The granite cuts across and bakes the 
different members of the superimposed masses, and m addition sends 
innumerable vems and apophyses into the rocks. These cut across 
folds and planes of dislocation in all directions so that the intrusion of 
the granite is subsequent to the alpine folding. 

(2) The gramte docs not show any cataclastic effects such as sheanng, and 

the formation of mylonites, and the primary jointing (mvanably 
destroyed by earth movements) is still preserved. 

(3) At various localities, masses of known Trias and Lias, together with 

other mesozoic rooks are enclosed in and contact-metamorphosed by 
the gramte. 

(4) A lower age limit for the gramte is given by the presence of Bergell 

gramte boulders in the Upper Miocene “ Nagelfluh ” of the Southern 
Alps. 

The gramte was therefore mtruded at some penod later than the mam 
olpme orogemc movements (t.e., later than the ohgocene), but earlier than the 
formation of the Nagelfluh m Upper Miocene tunes. Its age is therefore either 
Upper or Middle Miocene. 
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mental work. 

§ 6 Sumnary and Condusum 

The helium content of upwards of 60 specimens of beryl has been deter- 
mmed These, though predominantly Archsean m age, mclude a considerable 
number from later geological formations 

Helium could readily be detected and measured m all of them* usmg as a 
rule only 1 gram of material. The following are the largest quantities of 
hehum (cubic millimetre per gram of beryl) found m this work in the vanous 
geological groups, and also the median quantities which may be taken as 
typical for each group — 

Archsean. Palaeozoic. Mesozoic Tertiary. 
Maximum .... 77-6 16-8 2-27 0-384 

Median. 6-98 1-47 0-167 0-0768 

It IS clear, therefore, that large heliuin content is liimted to specimens of great 
grological age. It hsu never been found m the younger specimens. 

The conclusion is that the hehum has accumulated in beryl during geological 
tune, and was not present in it initially, nor generated durmg the first few 
millennia by decay of any relatively short-hved radioactive constituent such 
as lomum or radium, which may have been imtially present. It is also known 
bam the author’s earlier work not to be due to uramum or thonum. 

A prehminary discussion of the ongm of this hehum was given in a letter to 
‘ Nature.’t It is hoped to discuss it more fully in a sequel to this paper, 
in connection with further expenmcntal work. 

* One isolated speoimen which did not show it proved uttimately not to be beryl at all 

t VoL 181, p. 724. May 20tb (1933). 
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The Injluertice of the Underlytng Surface on the Cataphoretic Mobdtty 
of Adsorbed Proteins. 

By A. Dcmmett and Philip Bowden, Laboratory of Physical Chemistry, 
Cambridge. 

(Communicuted by T M. T^owry, F B S —^Received April 10, 193.3 ) 

Our knowledge of the struotnie of the electrical double layer at the interface 
between a solid and a liquid is so mdefinite that it is diihcult to give a precise 
defimtion or to make an exact measurement of electrokmetic potential. 
In the liqmd m the immediate vicimty of the solid surface, there will be an 
excess of ions of opposite charge to that on the surface, formmg an electrical 
double layer which is approximately a molecular diameter in thickness 
All the potential drop, however, is not confined to this first double layer , the 
excess ions in the solution are not ngidly held to the surface, they are able 
to break away and to form a diffuse layer which extends some distance into 
the solution. Expenence has shown that gentle stirring of the solution can 
influence the distnbution of these ions, and it is probable that the diffuse 
layer extends asfara8l0~*tol0~* cm. ffom the solid surface It is this diffuse 
layer of mote or less loosely held ions which is responsible for the electrokinotio 
properbeB of liquids m contact with solid surfaces. 

No exact relation has been established connectmg the diffuse, or elcctro- 
kinetic potential, with the total potential drop between a solid and a liqmd. 
Usually th^ are of the some sign, but there is evidence that the potential 
drop across the diffuse layer can even be opposite in sign firom the mam 
potential, mdicating a twofold double layer The presence of polar molecules 
adsorbed at the interface may have a profound effect on the distnbution of the 
diffuse layer without sensibly affecting the total potential difference Further 
work on the relationship between these quantities would be valuable.* 

Althou^ electrokmetic measurements can give information only about 
the diffuse layer, and not about the total potential across an interface, they 
can be of considerable use in explainmg or predictmg the behaviour of colloidal 
and electrolyte systems Thus the electrokmetic potential of an amphotenc 
electrolyte is a minimum when the electrolyte is at its isoelectric pomt, and 
many of the chemical and physical properties of colloidal solutions show an 
optimum value when the eleotrokmetio potential, as measured by endoemoais 
• See Frumkin, ‘ Z. phys. Chem.,’ vol. 164, p. 121 (1933) 
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or oataphoresiB, shom a change of sign The rate of coagulation, the oamotir 
pressure and the viscosity of colloids are all at a maxiniuni when the 
eleotrokmetio potential is a wiinimnni. 

Measurements of cataphorehc mobility have been widely used to determine 
the isoelectric point and electrokmetic properties of important proteins. 
When the protein particle is visible in the ultra-mirroscope, its movement in 
an electnc field can be followed directly, but when dissolved, the protein 
molecule is too small to be visible The device of adsorbing the protem on to 
mert particles large enough to be seen, was used by Loeb,* who observed the 
motion of small collodion particles suspended in a gelatme solution The 
collodion particles showed a modified cataphoretic mobility which was character^ 
istic of gi'latme. Freiindlich and Abramsonf found that the mobility of zinc 
and quartz particles through gelatme and egg albumen solutions was inde¬ 
pendent of the nature of the suspended particle, provided the concentration 
of the protem exceeded 10“* grams per litre They measured the mobility 
of the particles m solutions of egg albumen at difierent hydrogen ion concen¬ 
trations, and found that the particles showed no movement at pu 4’7 This 
agreed well with the results of Svedberg and TiseliusJ obtained by the moving 
boundary method, and gave a value for the isoelectric point identical with that 
obtamed independently from titration curves. AbramsonS also adsorbed 
serum proteins on to quartz particles and oil drops, and found that the 
PH-niobility curve for the adsorbed serum was identical for both suspensions, and 
gave an isoelectnc pomt which closely resembled that obtamed from the 
titration curve for serum albumen Abramson has carried out an extensive 
senes of experiments m this field. Usmg serum proteins, egg albumen and 
gelatine adsorbed on to particles of glass, quartz, menthol, tyrosme, cystme, 
camphor, agar, charcoal, zme oxide, oil droplets and air bubbles, he found that 
the mobility was independent of the size, shape and nature of the particle and 
depended only on the nature of the protem He showed|| that, for gelatine 
and egg albumen adsorbed on quartz, the pg-mobility curve was ooinddent 
with the titration curves of Simms,^ and the streaming potentials of Briggs,** 
and concluded that “All these observations mdioate that the process of 

* ‘ J Oen. Phywolvol. 6. p. 116 (1923), vol 5, p. 396 (1922). 
t ‘ Z phyg Caiera vol 128, p 26 (1927). 

$ * J Amer. Cheni. Soo vol 48, p 2272 (1928) 

{ ‘ J. Gen. Phynol.,’ vol. 13, p. 169 (1929) 

II ‘ Ptoo. Soo. Exp Biol Med..’vol 36, p. 689 (1929). 

H ‘ J. Gen. Hiysiol.,’ vol 9, p. 629 (1928). 

•• ‘ J. Amer. Chem. floe.,’ vol. 60, p. 2368 (1928). 
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adsorption of the proteins mentioned does not appreciably change the ionisa¬ 
tion of the adsorbed protem at the protem-water interface ”* 

Experiments descnbed m this paper show that this is certamly not true 
for all protems. Measurements have been made of the cataphoretio mobility 
of both oxy- and carboxy-ha>inoglobin adsorbed on to suspended particles 
of fresh quarts, old quartz, carbon, evacuated carbon, copper and paraffin 
oil drops, all suspended in aqueous solution. All these substances gave 
excellently reproducible results and (with the exception of the oil drops) 
showed good adsorption maxima. The cataphoretio mobility and the apparent 
isoelectric jioint, were, however, very different for each adsorbing surfece. 
The reason for this is discussed. 

Apparatus 

The measurement of the cataphoretio velocity of suspended particles is 
complicated by the fact that endosmotic effects cause a movement of the solution 
along the walls of the cell. For this reason the rntemal geometry of the cell 
18 important. A cell of circular cross-section has the advantage that the flow 
of the liqmd is symmetrical and easily calculable. The cell used m these 
experiments was a modified form of that described by Mattsonf and is shown 
mfig 1. 


noMta 



Fig. 1 


It consisted of a piece of wide bore capillary tubmg 2 5 mm. m internal 
diameter and 25 cm long. In the centre of this, two flat surfaces at right 
angles were ground out and optically polished, these served as wmdows for 
the Tyndall beam and the objective of the microscope respectively. The ends 
of the capillary tube were fused into small chambers about 1 '6 cm. m diameter 
and 5 cm. long fitted with outlet tubes and accurately ground greaseless taps. 
These chambers contamed the cylmdrioal platmum black electrodes 1 cm. 
long by 0-6 cm. m diameter which were fitted close against the ends of the 


* ' .1. 0««. Physiol.,’ vol. 18, p. 169 (1929). 
t ‘ J. Phys. Chem vol 32, p. 1638 (1928). 
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oapdlaiy tube The dicular oroes-section of the tube gave syininetncal 
endosmotic flow, and a large potential gradient could be applied without 
oauBing turbulence or convection currents due to hoatmg. The length of the 
capillary tube and the short time necessary for an cxpenment prevented any 
contamination of the protein in the centre of the tube by oxygen or hydrogen 
discharged at the electrodes The current densities employed were too low 
to penmt any evolution of gaa-bubbles at the electrodes A potential of 
220 volts was applied directly to the two electrodes, with a reversmg switch 
and tapping key m the circuit The light for the ultra-microscope was supplied 
by a small automatic arc, and passed through a filter of copper sulphate 
solution to absorb the heat, before being condensed m the capillary tube 
The microscope for observing the particles was fitted with a X 20 eyepiece and 
an objective with a working distance of 0 5 cm The whole mictoscope could 
be racked up and down in the vertical plane and its position read on a vernier 
BO that the particles could be observed at different depths in the tube 

ExpenmenUil 

The proteins used in the early experiments were Kodak ash-free gelatmo, 
and hemoglobin prepared from ox blood by Mr, Q. S. Adair. With the 
hnmoglobm it was found that, unless bacteria were ngidly excluded, sufficient 
change took place m the protein to vitiate all results. The final solution was 
therefore diluted to a stock strength of about 1% (estimated optically), filtered 
through a sterile candle and stored at 0° G All the vessels, pipettes, ice., 
were sterilized before use by steaming out. 

The oxyhnmoglobm was converted to carboxyhtemoglobin by saturating 
the solutions with carbon monoxide The buffer solutions employed were 
acetic acid potash and potassium dihydrogen phosphate potash, the solutions 
always bemg made up so as to be N/200 to the amon. Measurements made in 
the two buffer solutions at the same pa showed the mobility to bo independent 
of the nature of the buffer at these concentrations. 

The protein was adsorbed on to the following surfaces .— 

(a) Quartz particles prepared by gnndmg a clear crystal of natural quartz 
in an agate mortar with a little water, m ak i ng into a milky liquid, and rejectmg 
and regnnding all that settled out. The resultant suspension was qmte 
stable for some hours when diluted to a strength convement for observation 
m the cell. 

(b) Particles of active blood ohaiooal separated out by settlmg, as for quartz. 
These particles have very small air bubbles filling the pores and adhering to 



386 


A. Dommett and P. Bowden. 


the 8ui£EUie. A further auapenaion of *“ evacuated charcoal ” was prepared 
by evacuatuiK under a filter pump and then admittmg the solution. 

(c) A copper suspension prepared by arcmg pure copper onder distilled 
water, with a potential difference of 12 volts, until a brown suspension was 
obtamed. 

(d) Paraffin oil drops prepared by slmkmg together vigorously equal volumes 
of medicinal paraffin and distilled water. Thu gave an emulsion stable for 
several hours 

The best concentration of particles for maximum ease of observation in the 
ultra-microscope was determmed by experiment, and fchu concentration was 
used throughout 

The solutions were made up as follows:—A measured volume of the 1% 
stock solution was diluted imtil its strength was about ten times that finally 
reqiured From 1 to 9 c c (dependmg on the pg required) of potash were added 
to 10c.c. of the N/20 buffer anion solution and diluted with 50 c c of water. 
Then 10 c c of the diluted stock and the requisite amount of suspension were 
added to thu and the whole solution made up to 100 o.c. The solution was 
allowed to stand for half an hour until adsorption equilibrium was established. 

The Pa of the solutions was measured with a quinhydrone electrode. For 
the dilute solutions used in these experiments, the errors due to salt and protem 
were negligible The measurements were checked against a hydrogen 
electrode and m no experiment was the error greater than ± 0-02 pg The 
Pa of the buffered solution was independent of the concentration of the protem 
over the range of concentration used (10“* to 10"* gm./litre). 

The viscosities of the buffered protem solutions were measured m an Ostwald 
viscometer, but at the maximum concentration of protem used (10 '• to 10“^ 
gm /litre) the viscosity did not differ finm that of distilled water. 

It 18 essential that the walls of the cell be kept ngoronsly clean, and &ee firom 
denatured protem. Strong chromic acid or alcohol are unsatisfactory as 
cleanmg agents because they denature the protem which then adheres very 
strongly to the walls. It is better to clean with dilute caustic soda followed 
by distilled water 


Measurement oj Cataphorelxc Mobihty. 

Since there is a diffuse electnoal layer at the surface of the tube itself there 
will be a tangential movement of the liqmd along the walls when a potential 
is applied along the tube. If the system is closed there will be a returning 
stxeam of liquid moving m the opposite direction down the centre of the tube. 
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The velocity of the liquid and the observed velocity of the suspended particles 
will therefore vary according to the level in the tube at which readings are 
taken. To determine the mobility of the particles through the sdbUion, it u 
necessary to jtake a senes of readings at diilerent levels down the tube. 

The apparent velocities of the particles were measured at different depths 
m the tube by racking down the microscope by successive turns of the vernier 
screw. Rcadmgs were taken of the time requurod by a particle to traverse 
a oonvrauent number of divisions on a gnd in the focal plane of the eyepiece, 
the gnd bomg calibrated against a standard niled grating Observations 
were made on several particles with the potential apphed m alternate directions 
to compensate for mmor vanations among the particles and any slight general 
drift, due to thermal convection, which the solution may have. If and 
are the two average times of transit across n divisions of the gnd with the 



where {is the length m centimetres of one division of the gnd For the calcula¬ 
tion of the mobibty it is sufficient to plot the “ relative mobihty ” ^ 


2 \ti ^ tj 


against the depth down the tube expressed m turns of the vernier 


screw. Table 1 shows typical results for carbon particles suspended in carbozy- 
hsomoglobin solution at jsg 6*01. 


Table I. 


Tama 









from 

top. 



Mean 

J/<. 


Mean 

l/b 

»/2(»/h+!/*•). 

8 

2 

4 0. 4-2 

4 1 

0 244 

4 0, 4 7 

4 0 

0>817 

0 461 

16 

3 

3 5, 3 0 

3 0 

1 0 286 

4 3, 4 6 

4-4 

0*227 

0 770 

20 

4 

4-3, 4 2 

4 2 

> 0 238 

6 2. 6 3 

6 3 

o-ise 

0 864 

24 

4 

4 0, 4 I 

4 0 

' (» 260 

6 2. 0 1 

S 2 

0-102 

0 884 

28 

4 

4 2, 4 2 

4 2 

1 0 238 

6 .3, 6*4 

6 4 

0 186 

0 846 

32 

4 

4-7. 4 0 

4 8 

0 208 

6 2, 0 9 

0 1 

0 164 

0 744 


Apparent diameter of tube >= 48 tome. Temperature 10’6° C., Charge +Te, l^itential 
diflerenoe « 220 volu. Length of tube — 24 0 cm 1 div of gnd » 2 04 > 10~' om 


The relative velocity of particles at different depths m the tube are plotted 
in fig. 2. Fig. 2 a IS for bate quartz particles suspended in a buffer solution 
Fig. 2 b for quartz particles coated with gelatine (m a tube of smaller diameter) 
Both curves ate smooth and parabobc and tiie centre of the parabole comcides 
with the geometric centre of the tube. The parabola for bare quartz particles, 
however, does not pass throng the orig^ 
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Smoluchowski* has denved an expression for the cataphoretio niobihty in 
terms of the velocity observed at certain depths 

Let V, = observed velocity of the particle at a depth x m the tube 
== velocity of the liquid at a depth x m the tube 
V, = true cataphoretio velocity of the particle 



Depth of parltele Depth of particle 

Fio 2 


Therefore, 

or 




ID 



Y,dx may be evaluated by graphical int^;ration of the curve obtamed 
by plotting V, against x. 

Smoluohowsb has shown that, ideally, V. is a parabolic function of x. If this 
is so, integration of (2) leads to 

V, =. V, when x = r(l±^), (8) 

• •• H and b nch dsr EleotmiUt and des Msgastismus,” Laipsig, to). 2, p. S66 (1921). 
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X — ~ approximately. 

Smoluchowdu has also derived an approximation for V, to be obtained by 
measurements at two widely different parts of the tube, namely, 

where observed velocity of the particle at a depth equal to d/6, etc. 

Thus, if the distribution of observed cataphorctic velocities is parabohe 
with respect to the depth at which the measurement is made. 



and approximately 

V. - (4) 


The curves obtained bear out Smoluchowski's theory. Thus for figs. 2 a 
and 2 6 we have, for the values of V, (expressed as relative velocity) 



Qraphioal 

Integntion. 


Vd/. 

1 3V*. + Vd/. 

Kg a a 

0 940 

0 922 

0 898 

0 960 

Kg 2 6 

0 S06 

0 sei 

0 S44 

0 064 


All results used in this paper have been calculated ffom a graphical mtegra- 
tion of the parabolic curve obtamed by plotting Y, against z for varying values 
of z. A correction for change of viscosity with temperature was introduced 
and the true oataphoretic mobility calculated from the expression 

Cataphoretio Mobihty, 5 « = X Rdative Mobility in om./seo./volt./om , 

Ifiih#' 

where L = length of tube m cm., I == length corresponding to one division on 
the grid in cm., B = applied potential m volts, and n),» viscosity at f’O. 
For example, the cataplunetio molnlity of quarts suspended in acetate buffer 
at Pb 4*87 “ equal to 

0-240 X 25 1 X 2-64 X lO'* X 10-86 
220 X 11-46 

— 2-686 X 10~* oin./Beo./volt/oiu. 
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Sigmfioawx of PoaUxon of Ongxn of the PartMa. 

If V][ = endosmotic veloatj of tlie solution at the wall of the tube, then 
Vo, the velooit 7 of particles at the wall = V, — V* 

On the theory of Helmholtz and Smoluchowski the cataphoietio mobility 
of a particle is given by 

V -1 xDi:. 

* in m 

where X = field strength, D =3 dielectnc constant of the medium, 

= electrokmetio potential due to the double layer, 

Y] = viscosity of the medium. 

The theory predicts that shall be mdependent of the size or shape of the 
particles and that V^ s= V,, when the electrokinetic potentials of the surfaces 
of the particle and the wall are the same. 

Debye and Hlickel* have denved a theory which predicts that though the 
Helmholtz-Smoluchowski formula holds for a cylinder, the cataphoretic 
mobility of a spherical particle is given by 

V =3-lS 

* fin; Y) 

On this theory therefore V* = 1 6 V, and V, should be dependent on the size 
and shape of the particle. Abramsonf has shown that these predictions do 
not hold for particles suspended in a protein solution. 

The mobihty curve for any given conditions m a oataphoresis cell can only 
pass through the ongm if Vg = V, We found m these experiments that 
this occurred when the surfaces of the cell and of the particle were both 
saturated with protein. In fig. 2 6 where both the quartz particles and the 
walls of the tube were saturated with protem the parabola passed through the 
ongm. If either of the surfaces were unsaturated the readmgs became more 
variable and the parabolas did not pass through the origin. This is seen in 
fig 2 a, where one of the surfaces is quartz and the other glass, and no protem 
IS present. A similar effect was observed for very dilute protem solutions, 
for protein at a weakly adsorbing interface, or for protem very near its isoelectno 
point. 

When V, was not equal to V„ the ratio Vg/V, had a variable value which 

* ‘ I'hy* Z voL 26, p. 49 (1924). 
t * J. Gen. Phyuol.,’ voL 18, p. 657 (1980). 
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depended upon the degree of saturation of the surfaces and it never became 
constant and equal to 1*6. 

Rate of Adsorptum of the Protetn. 

In order to determine the time required for adsorption eqmlibnum to be 
established between the dissolved protem and the adsorbing surface, measure¬ 
ments of mobility were made at different mtervals of time after adding the 
protem. 

The cell was filled with a solution of gelatine of concentration 1*2 X 10 
gm./]itre m a phosphate buffer at p„ 6*99 and allowed to stand for two hours 
This ensued that adsorption equibbnum had been established at the walls of 
tihe cell. This solutioa vras then removed and quartz suspension added to 
the re main der of the solution which was shaken and qmckly run mto the cell. 
A senes of readings were immediately taken at a depth m the tube corresponding 
to r/, I V. The results are given m Table II 

1 ~J'i) 

Table II. 


Observed Velocity in 
om./ieo X 10*. 


0*80 
U 91 
0 90 
0 OU 
0 91 


Considermg the roughness of the readings, the agreement is satisfactory, 
and shows that adsorption eqmlibnum with the suspended quartz particles 
was reached m a few mmutee. 

To determme the time necessary for adsorption eqmlibnum to be established 
at the glass walls of the cell, another senes of readmgs was taken. A gelatme 
solution confainmg 1 *3 X 10'* gm. per litre was made up in phosphate buffer 
of Pa 0 *89 and allowed to come to eqmhbnum with suspended quartz particles 
This was then run into the clean coll and a series of readmgs taken at vanous 
depths in the tube, sufficiently numerous to plot the parabola. The relative 
mobility was evaluated from it by graphical integration, and corrected for 
change of viscosi^ with temperature. The results ore given in Table III. 

The results for the mobilify of the parriclee showed excellent agreement 
Almost from the b^pnning, but the parabolas do not pass through the ongm 


Hme m Minate* 


.3 

0 

7 

15 

30 
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until between 20 and 40 minutes had elapsed. This showed that adsorption 
equihbnum with the glass was not established (in the dilute solution of 10 “• 
gm./litre) until after half an hour. 

This gives a convement method for measuring the rate of adsorption of 
proteins from solution In strong solutions the surface became saturated 

Table III 


Tiine 

e<^iiibbnie<l 

Temp. 

Obaerred 

Velocity 

X 10* 

xT. 

Velocity, 
10“ C 

in om /KC 

X 10*. 

Bemarln 

0—20 

"0 

11 6 

0 80 

12 05 

0 80 

Poor parabola. 

20—iO 

11 7 

0 81 

12-48 

0 89 

Good parabola, not quite 
paaaiDg throu^ lero 
\Good paraboLu paming 

40—«S 

11 7 

0 81 

12 48 

0 88 

75—96 

12 0 

0 80 

j 12 30 

0 87 

j tbrongh aero. 


in a few seconds, but m very ddute solutions equihbrium was only reached 
after some hours 

The procedure adopted was to make up the solulaon of protein in the buffer 
with the required amount of suspension and allow it to stand for half an hour. 
The clean cell was then filled with the solution and also allowed to stand for 
a half hour. This solution was then run out and the tube filled with the final 
solution on which the readings were made. Using this technique, readmgs 
were obtained which always gave good parabolas. The parabolas passed 
through the ongm except when the protem concentration was less than that 
required to give saturation both on the suspension and on the walls of the cell 
A similar effect was observed for haemoglobm very near its isoelectric pomt. 
The cataphorel^o mobility was normal, and a good parabola was obtamed, 
but it did not pass through the origin, indicating that the adsorption at the 
glass wall of the cell was weak when the protmn was near its isoelectric point 

The method was very sensitive to traces of impurity in the protem With 
lunnoglobin it was found that evoi minute traces of metluenK^lobin or of 
denatured hemoglobin made it impossible to get good parabolas or repro¬ 
ducible results. Bacteria were especially hannfiil, and it was enential that the 
Btduticm of the protein should be kept sterfle and stored below 0° C. The 
j^ttmg of the whole parabola for each measurement of mobility gave a check 
on the conditions and showed up any irregolanty or impurity in the solution 
or on the walls of the odl. 
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Adsorption Isotherms for Protein on Different Sutfaoes. 

The relation between the concentration of a gelatme solution and the 
oataphoretio mobihty of suspended quartz particles was determined. The 
mobility of the quartz was first afiected when the concentration of the gelatine 
solution was oa. 10 ’ gm./htre gelatme and reached a maximum when the 
concentration was 10~‘ to 10~^ gm./htro This was m excellent agreement 
with Abramson’s results, and indicated that at this concentration the surface 
of the quartz was completely saturated with protem. 



Adsorption isotherms for carboxyhnmoglobin on difierent surfaces are 
shown m fig. 3. 

Fig. 3 a shows the adsorption of carboxyhmmoglobin on quartz at pn 
The mobility of the quartz was first affected at a concentration of 10~* gin./litre 
anH reached a saturation maximum at 10"* to 10~* gm./litre. Haemoglobin 
is therefore less readily adsorbed than gelatine. The parabolas did not pass 
through the origin until the concentration of tfie protein was oa. 10~' gm./btre. 
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Thu showed that tiic glass walls of the cell also became saturated with heemo- 
globm, but at a somewhat higher conceatration than that necessary to saturate 
the quartz particles. The adsorption of oarboxyhffimoglobm on charcoal 
particles at i 91 w shown m fig 3 6 The curve u very similar to that 
observed for quartz and shows a saturation mftyimuni at 10 ^ gm /litre 

The adsorption on suspended copper particles u shown in fig 3 c The 
protem was much less readily adsorbed on a copper surface and saturation 
was not reached until the concentration of the carboxyhiemoglobm was 
10“* to 10“^ gm /litre The copper sol itself, though positively charged in 
water was natively charged m a phosphate bufier solution of pn 7*28 
This may be due to preferential adsorption of the phosphate ions 

On a surface of paraffin oil, saturation was not reached at all, even at the 
highest concentrations used (1-16 X 10 gm /litre) Tlie curves showing 
the adsorption isotherms at different pf^’a are shown m fig. 3 d This moomplete 
covering of the surface made it impossible to determme the isoelectric point 
of the protem adsorbed on oil drops The only indication of a possible value 
can be found from the curve at Pq 6 86. Thu shows that the charge at thu 
Pa u likely to be positive and therefore that the isoelectric point would be 
at a Ph gi^ter than 5*86 

Variation of Calaphorelic Mobility vnih pa on different Adsorbing Surfaces. 

The cataphoretic mobility of quartz particles coated with gelatine and 
suspended m solutions of different pa u shown m fig 4 a All these measure¬ 
ments were made m protein solutions stronger than that required for surface 
saturation. 

The pomts he approximately on a straight Ime, and the particles have no 
mobihty at pa 4*79. Thu uoelectnc pomt of Pq 4*79 for adsorbed gelatme 
agreed well with the uoelectnc pomt of gelatme solutions found by other 
methods and showed that no change occurred in the isoelectnc properties 
when the gelatme was adsorbed. 

The measurements were then extended to oxy- and carboxy-hsomoglobin 
The isoelectric pomt of oxyhsemoglobin has been determined by Miohaelu 
and Davidson,* and of carboxyhsemi^lobm by Michaelu and Bien,t using 
a quahtative cataphoresu method with small particles of the protein. They 
found that the isoelectnc pomt of both proteins was about pa 6*75. 


* ‘ Bioohem. Z.,’ vol. 26, p. 40 (1012). 
t ‘ Bioohem. Z.,’ vol. 61, p. 100 (1014). 
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Tertoux titrated oxyhsomoglobin against a glass electrode in phthalate, acetate 
and phosphate buffers and found the isoelectric point to be 6*79 d: 0*02. 
The generally accepted value from all sources is pn 0 78. Geiger* observed 
that many haemoglobins showed a wide isoelectnc range, and by cataphoreais 
at a suitable hydrogen ion concentration he separated the haemoglobius mto 
two fractions possessing different isoelectnc points He asenbed this result 
to the existence of two haemoglobins in solution The results, however, were 



Fio 4 — (a) Golatino on quart*, (6) A Carboxyhronioglobm on fresh quart*. > oxy¬ 
hemoglobin on fresh quart*, O rarboxybiemoglobm on old quartz, (e) carbuxy- 
hnmoglobin mi carbon , (d) oarboxyhaeinoglobin on copper 

variable and the separated fractions scarcely seemed to be homogeneous in 
themselves In our early experiments we found that, at a p^ range near the 
isoelectnc point, particles moved in both directions with different velocities 
m agreement with Geiger’s observations As soon, however, as the tcchmquo 
of using the candle filter and sterilized vessels was adopted this effect vanished 
The mobilities of quartz particles saturated with carboxyhemoglobm in 
buffer solutions of different hydrogen ion concentrations are shown m Table IV, 
corrected for change of viscosity with temperature. 

In fig. 4 6, curve I, the mobiUty is plotted against p^. The pomts he on 
a straight hue and show an isoelectnc pomt of 6*82 ; this differs widely 
* ‘ Prw Roy. 8oo.,’ B, vol. 107, p. 368 (1981). 
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Table IV —^Mobility of quartz particles in carbozyluemoglobm at different 


Ph values. Dilution = 1 16 = 


Acetate 

Phnaph&tA 


10 • grams, per litre -— = 2* 
Br)i6* 


3 = 10"*. 


11 30 I -f 0 372 


IS 3 
10 8 
18 0 

17 3 

15 4 

16 1 

10 3 
10 4 
10 4 


11 30 
10 03 
10 00 

10 78 
11-33 

11 41 


-I 0 118 
+ 0 113 
f 0 OOS 


- 0 028 
- 0 080 


Mobibty 
X 10‘ 
16° C 


+ 1 700 

+ 1 112 
+ 0 600 
+ 0-364 
I 0 324 
+ 0 181 

+ 0 027 

- 0 084 

- 0 230 


3ood panboU 
thniugli ongin. 


ll 07 - 0 109 - 0 483 

II 04 _ 0 27J I - 0 794 

11 04 - 0 622 - 1 618 


Fair parabola 
throngh ongin. 
Fair parabola nut 
throagb ongin, 
Fair parabola 
through ongin. 
Good parabola 
through ongin 


&om the generally accepted value of 6-78. The quartz suspension had 
been standing in distilled water for several days, and it was thought possible 
that the efEect might be due to an “ agemg ” of the quartz The experiments 
were repeated, using a suspension of freshly ground quartz. The results are 
shown m fig 4 6, curve II The slope of the line is slightly different, but the 
isoclectnc pomt at pn 6'61 is practically the same as that found on old quartz 
The experiment was repeated, using oxyhsemoglobm adsorbed on firesh 
quartz, the mobihties are plotted as x’s on fig. 4 b, curve II. It will be seen 
that they lie on the same Ime as the carboxyhwmoglobm showing that there 
IB no change in the electrokmetic properties of the protem on oxidation of the 
hsematm. It is apparent that hsemoglobm adsorbed on quartz particles has 
very different electrokmetic properties fimm that of the protem m solution. 


HaemogWnn on a Charcoal Siaface. 

The mobility of a charcoal surface saturated with oarboxylmmoglobm is 
shown in fig. 4 c, curve I. The mobilities plotted against the pg agam gave an 
approximate straight Ime, but the isoelectnc pomt at pg 6-03 was agam 
different from the normal and also different from that found on a quarts surface. 
The charcoal undoubtedly had air occluded m the pores and probably small 
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bubbles adhenng to the surface A sample of the charcoal was therefore 
evacuated imder a water pump, to dimmish the amount of air present, before 
adding the protein solution The mobility of the “ evacuated charcoal ” 
coated with protem is shown m curve II Evacuatmg the charcoal had a 
marked effect on the mobility and gave an apparent isoelectric pomt for the 
adsorbed protein at 5 83 

11 a maglobtn on a Copper Surface 

The adsorption isotherm on copper shownl that saturation of the surface 
was not reached until the concentration of the protem was ca 10 ^ gm /btre. 
Fig. 4 d shows the variation of mobility with p^^ in a solution of carboxy- 
hsemoglobm of concentration 1‘3 y lO'^gm/litre The mobility is different 
from that observed on quartz or charcoal and gives an isoelectric pomt at 
I>n6‘72 This is m agreement with the value usually accepted for the 
hsamoglobm in solution but the agreement is probably fortuitous 


Cataphoreltc MolnlUy of the Bare Parttdes 
The particles of quartz, oarlion, copper, &c , when suspended in solutions 
free from protein will themselves possess characteristic mobilities. Measure¬ 
ments of the mobilities of the ban* |>articles suspended in water and buffer 
solution are collected m Table V 

Table V 


Nature of Surface j 

j Solution j 

Cataphoretio Mobility IS" (' 
in cm /«ec /\olt«/Lin x UP 

Quartz 

Boiler Solution p,, 4 (1 

- 2 4S 

„ „ f li 9 

2 60 


.. .. p" e 0 

- .3 39 

Charcoal 

Bufier Solution pu 4 6 

- 2 60 


>. Ph 0 » 

-- 2 94 


.. Pii 6 9 

- 3 63 

Copper 

llwtlllrd water 

1 + 1 14 

Bufior Solution Pk 7 .1 

1 - 2 69 

OilDropa 

Dwtillcd water 

1 - 3 87 

Buffer Solution 6 8tJ 

- 1 70 


.. p, e SC 

1 - 2 78 


It will be seen that surfaces of bare quartz and charcoal had high and 
similar mobilities corresponding to a negative electrokinetic potential The 
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copper surface had a positive potential in distilled water, but this became 
negative in a buffer solution of pg 7 3 The mobility was, however, lower 
than that of quartz or charcoal at an eqmvalent pn 


Dtacusnoti 

Measurements of the cataphorotic mobility of particles coated with adsorbed 
gelatme confirm the conclusions of other workers, that the electrokmetio 
properties and the isoelectnc point of adsorbed gelatine are mdependent of 
the nature of the surface and are identical with those of the dissolved gelatme 
This IS not true for all proteins and all surfaces Heomoglobm adsorbed on 
vanous sohd surfaces shows marked adsorption maxima, and the experimental 
reproducibility is good, but the mobility and the apparent isoelectno pomt 
are very different for each surface These are summarized below 


Adsorbing 8urfaoe 


Apparent laoeloctno point for 
oarboxy hemoglo bin 


Fresh quartz 
Old quartz 
Eracuatod Carbon 
Carbon 


P„ 6 81 


5 82 

6 83 
6 03 
0 72 


These results show clearly that the mobility of particles coated with 
adsorbed protein is influenced by the nature of the underlymg surface as well 
as by the lonizmg properties of the protem. The effect of all the surfaces has 
been to shift the apparent isoelectnc pomt of hsmoglobin m the acid direction. 
Tbs IB most marked for surfaces of an “ acidic ” type wbch have a bgh negative 
mobility themselves. The snspensions of quartz and evacuated charcoal, 
which, when naked have a bgh and similar negative charge, gave an isoelectnc 
pomt at ca pgS-S. The hsemoglobm is more readily adsorbed on these sur&ces. 
On unevacuated charcoal where much of the surface was air, the sbft was less 
the isoelectnc pomt was at pn 6-0. The copper suspension was “ basic ” in 
distilled water (it had a positive cataphoretic mobihty) but m the buffer 
solution used, it had a negative and smaller cataphoretic mobihty. The 
adsorption was weaker on tbs, though it was quite defimte and gave a 
aaturation maximum The isoelectnc pomt was shifted far less on tbs surface, 
the value bemgpg 6*72. 

It IS only under special conditions that we should expect that a surface of 
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adsorbed protein, should have the same electrokinotic properties as the 
protein itself. The conditions are *— 

(i) The protein molecules should cover the surface completely. 

(ii) The groups in the molecule which are attached to the surfiuie should 
be difierent from the groups which are contnbutmg to the ionization 

(lu) The shape of the molecule should not be greatly changed on adsorption 

If the first condition is not fulfilled, and part of the surface is exposed, the 
electrokinetic properties will be the sum of that due to the bare surface and 
that due to the adsorbed protein. If the protein is actually attached to the 
surfaro by the groups in the molecule which are responsible for the lomzation, 
or even if these groups are near the surface, their properties will almost 
certainly be affected by the chemical nature of the surface. The degree of 
dissociation of these groups, and hence the isoelectric pomt and the cata- 
phoretic mobility, will be different from that of the protem m bulk or in 
solution, and will vary from surface to surface If, for instance, the protein 
18 attached to an acidic surface, it would be expected that the basic groups of 
the protein molecule would be more strongly held and the isoclcctnc pomt 
would be shifted m the acid direction The third possibility, that the shape 
of the large protem molecule may be changed by adsorption should not be 
neglected If, for instance, it could change from a spherical shape m solution 
to a fibre or sheet on the surface, its clectrokmetic properties would be affected 

For gelatine, these special conditions appear to be fulfilled , the surface 
IS completely covered and the dissociating groups of the molecule are unaffected 
by adsorption For hsemoglobin this is not so ; the electrokmetic properties 
are dependent to a marked degree on the nature of the undorlymg surface. 
We must conclude for this latter substance either that the surface is not com¬ 
pletely covered, or that the ionization of the protein is affected by adsorption. 
It IS not easy to decide this wi^ certamty, but the adsorption isotherms for 
quartz, carbon, and copper showed a defimte saturation maximum This 
indicates that the surface is saturated, probably witli a monomolocular 
layer * It is probable that quartz, carbon, and copper are all covered by a 
complete layer of haemoglobin, but that the ionizing groups of the protein are 
very close to the surface. If the protem is attached to a negatively charged 
surface (e.g., quartz, carbon) by its positive groups, and these are too strongly 
bound to ionize, the isoelectric point will be shifted m the acid direction. 

* There is, of course, the possibility that only part of the surface can adsorb the protein 
and that this became saturated, leaving the remainder of the surface to contnbute to the 
eleotrokmetio potential 
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For a leas n^ative surface (e g,, copper) this shift will be less marked For a 
neutral surface (oil drops) very bttle adsorption will occur The oil drops 
showed only slight adsorption and no saturation maxiina, in this case the 
surface was only partially covered and the resultmg mobility was certainly 
the siun of that due to the protem and to the uncovered oil surface. 

Proteins, such as gelatine and egg albumen, which show no change m iso¬ 
electric properties on adsorption, may cover the surface with a complete 
monomolecular layer so oriented that the ionizing groups are distant from, 
and iinaflected by, the surface. It is quite probable, however, that they form 
polymolecular layers, so that the protem molecules on the outside of this 
relatively thick coating are unaffected by the underlymg surface Taylor* 
found that m the serum precipitation reaction, though antibody and its 
homologous antigen react m tho absence of inert serum protein, particulation 
does not occur unless such mert protein is present Chapman and Welshf 
and others showed that the preapitate consisted essentially of serum protem. 
In these cases the anitgen-antibody complex must have adsorbed serum 
protem as a polymolecular layer. Hcemoglobin apparently does not form 
polymolecular layers on tho surface 

Smee oxy- and carboxy-hsamoglobin both give the same isoelectnc pomt 
on quartz it is probable that any alteration of the isoelectric pomt on adsorption 
IS a function of the globm of the hsemoglobm rather than of the hsematm. 
If the hsematm docs contnbutc to the mobility its properties are not affected 
by oxidation or reduction. 

We are very grateful to Mr. G 8. Adair who supplied us with the pure 
hsemoglobm. 


Summary, 

Measurements have been made of the electrokmetic properties, m aqueous 
solution, of proteins adsorbed on to different surfaces, In gelatme, the 
cataphorctic mobility was independent of the nature of the underljnng surface, 
which 18 m agreement with the results of other workers Experiments made 
on the rate of adsorption showed that surface equilibnum of the protem was 
reached m a few seconds in strong solutions (10~^ gm./litre), but took several 
hours m dilute solutions 

• ‘ J, Hyg ,’ vol. 31, p. 156 (1931) 
t ‘ Proo Roy Soo B, vol. 78, p 296 (1906) 
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Ozy- and carbozy-hcemoglobm showed a idiarp adsorption maximum 
(mdicatmg that the surface was saturated), but the cataphoretic mobdity and 
apparent isoeleotno pomt depended to a marked degree on the nature of the 
underlymg surface. The reason for this is discussed 
Both the oxyhffimoglobm and the carboxyhiemoglobm had identical 
electrokmetic properties when adsorbed, and no evidence was found for two 
forms of hsemoglobin possessing different isoelectric points 


The Structure of Surface Films. Part XVIII —The Effect of 
Alkahmty in the Underlying Solution on Films of Fatty Acids. 

By N K. Adam and J. G F Muxkb (From the Sir William Ramsay 
Laboratories of Physical and Inorganic Chemistry, Umvemty College, 
Iiondon, and Imperul Chemical Industries, Ltd) 

(Communicated by F G. Donnan, F R S—^Rcr.eived Junt> 1, 1933 Revised 
July 9, 1933) 

Historical 

It has been known for some time that extensive changes occur in mono- 
moleculor films of fatty acids on aqueous solutions, as the alkaluuty or acidity 
18 voned. These changes are of at least two kinds , changes m the packmg 
of the molecules m the coherent types of film, and changes in the lateral 
adhesion between molecules have already been described Thus Adam* found 
changes in the packmg of the molecules in the condensed films on changing 
from neutral to acid solution, and alsof a change from condensed to gaseous 
or vapour expanded films, on changing from neutral to strongly alkaline 
solutions. The second of these effects was considered to be duo to a decrease 
m the lateral adhesion between the molecules, caused by the development of 
similar electric charges on the end groups, through cleotrol 3 ^c dissociation 
of the carboxyl groups on alkaline solutions. 

On alkalmo solutions, it has previously been noted that the films contract 
spontaneously, Adamf called this “solution,” but did not ezamme it in 


• ‘ Proo Hoy. Soo A, vol 99. p. 336 (1921) 
t Ibid., vol. 101, p 522 (1922) 
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detail; Lyons and Rideal* believed it to be not a complete solution, but tiie 
formation of a bimolecular layer tu>o molecules thick, Zooher and Stiebel.f 
by ultramicroscopic examination, concluded that this disappearance of the 
film was due to a partial collapse mto thiok, localized aggregates, not into 
a uniform bimolecular film 

In the present investigation, we have exammed, m considerable detail, 
films of the normal fatty acids containing from 12 to 22 carbon atoms, on 
solutions varymg from dilute hydrochlonc acid to twice normal caustic soda 
The pnncipal points studied are (a) the lateral adhesion between the molecules, 
mdicated either by the temperature at which expansion occurs, or by the form 
of the surface pressure—area relation with the expanded (or occasionally 
gaseous) films ; (A) the packing in the condensed films , (c) the collapse of the 
films on alkaline solutions 

ExpenmerOal 

Measurements of surface pressure were made with the apparatus of Adam 
and Jossopt , the films were frequently examined ultramicroscopically, usmg 
a caidioid condenser in the bottom of the trough, by the method of Zocher and 
Stiebel {loo cU.), with the simplifications employed by Adam§ This ultra- 
microscopic examination is invaluable in detectmg collapse and is very simple. 


Strongly Alkdlme 5o2utton«. 

Fig. 1 gives the prmcipal results on solutions of caustic soda of vanous 
strengths The mam curves show surface pressure plotted against area per 
molecule for the condensed films, which are only obtamed with the 22 carbon 
acid (at room temperature). On 2N soda, the films are stable and do not 
collapse , they tend to a linuting area of about 31 sq. A , t e., very much larger 
than that of closely packed long chains On N NaOH, the area tends to 
about 25 sq A. at no compression; there is a slow collapse on this solution 
On N/10 NaOH, there is rapid collapse; the surface pressure curves are therefore 
not very accurate, but correctmg as nearly as possible for collapse, by taking 
observations at vanous times after the film was put on, the form of the curve 
at zero tune could be approximately determined On this solution, the films 

• ‘ Proo. Roy Soc A. vol. 124, p. 349 (1929) 
t ‘ Z. phy» Chem A, vol. 147, p 421 (1830) 

$ ' Proo. Roy. Soo.,' A, vol. 110, p 423 (1928) Minor modifications made sinoe are 
dflwnbed m “ The Physios and Chemistry of Surfaces,” pp. 38-42 (1930) 
ji 'Trans Farada\ Soc vol 29, p. 91 (1933). 
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appear to have the ohams closely packed, tiie linuting area being about 20*6 
sq A 

The lateral adhesion m the condensed films, indicated by the temperature 
at which the film was half expanded under 1 4 dynes per cm (rofcrrod to 



On loft F —A curves for oondensod filnie 
Inset. FA —F curves for gaseous films 

later as “ half expansion temperature ” or bnefly as expansion temperature ”) 
was low, and constant throughout this range of concentrations. The expan¬ 
sion temperature was 10° ± 2 for the 20 carbon acid ficom 2N to N/10 NaOH. 
The curve inset m fig. 1 shows the product of sur&ce pressure multiphed 
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by area plotted against pressure, a method which shows clearly the degree 
of lateral adhesion between molecules m the gaseous film, the extent (tf dip 
below the Ime FA = 400, being a measure of the adhesional correction to the 
perfect gaseous state. There is a much smaller lateral adhesion m the dilute 
soda solutions than m the concentrated, with the gaseous films 

On sodium carbonate, 2N strength, the films resemble closely those on 2N 
caustic soda, the expansion temperature and form of the surface pressure 
curve being practically the same, although the p,i is much smaller On N/10 
sodium carbonate the expansion temperature is about 16° higher than on 
caustic soda, while on N/Ki sodium and potassium bicarbonates it is nearly 
the same as on dilute hydrochloric acid. On all these N/10 solutions the 
pressure-area curve was approximately that of closely packed chains, with the 
condensed films 

On 2N potassium carbonate and hydroxide, the condensed films showed 
a limiting area of 38 sq. A , t.e , decidedly larger than on soda of eqmvalent 
strength This indicates a very considerable swelling of the end groups, for 
the largest yet on record with monobasic fatty acids 

Substitution of potassium for sodium appears to lower the temperature of 
expansion shghtly in strong solutions, but accurate measuremente were not 
made on this point 

Some observations were also made on mixtures of sodium and potassium 
hydroxides with neutral salts of the same cations, the total strength being 2N, 
the hydroxyl concentration varying from 2N to O’Ol N The other anions 
used were Cl', NO',, and CNS' In all cases, the amount of collapse was 
n^ligible, no matter what the concentration of hydroxyl; the Imuting area 
at no compression for condensed films was about 31 sq A. on the solutions 
containing sodium and 38 on those containing potassium It appears therefore 
that the total concentration of 2N is sufiicient to prevent collapse, and that 
the cations rather than the amons determme the sise of the end 
group. There were indications, though not accurately mvestigated, of slight 
changes in the lateral adhesion m the films when the amons were changed; 
these correspond probably to not more than five or ten degrees at most m 
expansion temperature With the chlonde-hydroxide senes, the lateral 
adhesion appeared to vary m an irregular manner, with mimma at 1'9N 
and at 0-6 N in hydroxyl, and maxima at I'ON and 0 01 N With the 
mtrate-hydroxyl senes, there was a small steady nsc m lateral adhesion as 
the hydroxyl concentration decreased. These changes require further 
investigatum 
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The changes in the condensed films (usually detenmned on the 22 carbon 
acid) are summarized m Table 1. 

Table 1 


8olution 


N/wmOH 

NNaOH 

2NNsOH 

2N Nft,CO,. or 

2N Na with vanooi anioi 

2N KOH or K,CO, 

N/10 NojCO, 

N/10 NaUCO, 


itotaUiilgSN 


} 


20 (c<illit|win)( laxt) 

25 

1. } 


20 6 
ca 21 


10° ±3 

10° -t 2 
10° ( 2 
approx 10’ 

20 i:3°* 
07 j. 6°* 


* Theao expenmenU were done on the 16 and 18 carbon acida, the valnea for the 20 carbon 
acid being deduced by apphcation of the usual rule that one additional carbon raiaes the 
expanalon temperature by aMut 0° near >0° and 7° near 60° 


The lowering of expansion temperature, with the 20 carbon acid, caused by 
changing the underlying solution from dilute acid to the first five of the above 
alkaline solutions, is about 48° This is presumably due to practically complete 
dissociation of the end groups, os the maximum lowering is reached even on 
2N NaiCOg, of pn about 11 *2 

Collapse of the filnia was rapid, with all chain lengths, on N/10 soda, much 
slower on N, and negligibly small, except with the shortest chains, on 2N. 
There was no reproducible area at which collapse could be said to have defimtely 
ceased, it was unusual, however, for collapse to continue at an appreciable 
rate below an average of 6 sq A pet molecule, and it quite frequently ceased 
somewhere near to 10 sq. A., on the other hand, the rate of collapse often 
slowed down to practical stoppage at areas greater than 12 sq A,* This 
frequent tendency for the collapse to cease not far from an area per molecule 
equal to half that occupied by a monomolecular film with closely packed 
chains is probably what led Lyons and Bideal to think that a bimoleoular 
film was formed , it is by no means mvariable, however, and wo have found 
so little constancy m the final average area per molecule, that, on the ground 
of area alone, there seems little reason to suppose that the film is bimoleoular. 

Ultramioroscopio examination of the film during collapse always revealed 
the presence of numbers of small aggregates, distnbuted over the surface, 
the aggregates must be much more than two molecules thick and the surface 


* We are indebted to Mr. J. F. DanieUi for numerotu preliminary obeervationit on the 
Bhauge ol area with time during ooUapae. 
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IS not homog^eoQB, henoe the contractioii of the film is certainly not duo to 
a layer two molecules thick. This confirms Zooher and Stiebel’s concluion. 
The existence of apparent arrest pomts in the collapse is a phenomenon very 
frequently met with m surface films, and caution needs to bo exorcised in 
drawing conclusions from area measurements alone as to the structure of a 
film which has been contracting, even when several experiments mdicate an 
apparent cessation of contraction at some particular area ; there are frequently 
raystcnous “ passive resistances ” to collapse in these films 

It IS difilcult to say to what these passive resistances to collapses are due. 
The ultramicroBcopic particles on to which the films collapse do not cover 
more than a small fraction of the surface, but they may sometimes be seen to 
interlock, forming a crude kmd of two-dimensional gel Experiments on the 
rate of collapse on different solutions, mcludmg the more strongly alkalme 
borate buffers, have been made, without revealing any defimte regularities, 
Bomefrmes the rate of collapse first diminished, then mcreased after five mmutes 
or so, finally dimmishmg again, often, however, the rate of contraction 
diminished steadily until it practically ceased Ultramicroscopic observation 
showed that there was a general tendency first for the formation of small 
particles, which later grew to larger particles , m some experiments the number 
of larger particles seemed to bo smaller than the imtial number of small ones, 
but we cannot say that it is a general rule that the number of particles 
diminishes As would be expected, the rate of collapse mcreases if the com¬ 
pression on the film is increased , it is also much greater with the shorter chain 
acids than with the longer chain, mdicatmg perhaps that these aggregates 
are formed by a prelimmary process of solution 

Lower AUcalirnttea pa 12 to 2. 

To explore the phenomena m the mtermediate region between strongly 
alkalme and acid solutions, four senes of buffer salts were employed, contammg 
borate, phosphate, citrate, and phthalate amons.* Clark and Lubs’ senes 
of borate mixtures, Sbrensen’s borate mixtures, Clark and Lubs’ phthalate 
and phosphate mixtures, and Sorensen’s citrate mixtures, were used Some 
experiments were also done on solutions oontammg the buffer salts, but outside 
the frilly buffered range, using more add or alkah than that recommended. 
In such eiqienmentB, the pg given is only approximate, and tended to vary 
during the experiment. 

* The sohitioai were made up to the etrengUu recommended by dark, “The Oeter- 
minatum of Hydrogen Ions *’ (1928), chap. 9, except where speoifloally mentioned. 
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Expansion Temperature. 

Fig. 2 shows the principal variations in the expansion temperature over the 
whole range of p^. Practically all the solutions show a gradual fall m expansion 
temperature on the alkahne side of neutrality, this was explored m detail 
only on the borate mixtures (curve II) At p^ 12, the 20 carbon acid has an 



L—20 oarboa aoid oa sodiatu hydroxide and Mdium carbonate ; II_20 carbon 

on borate, HI —16 carbon on borate, IV —14 carbon on borate, V.—16 carbon 
on citrate, VI —10 carbon on phthalate, VII —16 carbon on phosphate. 

The plain dotted lines indicate solations beyond the bnffored range, the broken Hn— 
with rugs indioste that the films were collapsing Full lines show stable films on bnifeied 
solutions 

expansion temperature about 29° on borate; this is a good deal hi gbwi. than 
on twice normal sodium carbonate solution whose 2 l^ is about 11*2. The 
borates are peculiar m showing a very marked manmum in ATpanaion 
temperature at the neutral pomt, with a sharp fall at about 6 and 8 in Ph 
No difference was observed between the Clark and Lube and the SOrensen 
series of borate mixtures; on dilutang the former ten tunes, however, at 
Pa 9*0, the expansion temperature was raised considerably, about 20“ (not 
aoouiately measured). 
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Phosphate and citrate solutions show an expansion temperature practically 
the same as on N/10 hydrochlonc acid at all values less than 6 , and a slight 
lowering of expansion temperature between 6 and 8. Phthalates show a lowering 
of expansion temperature on the acid side of pa 6, until at 2*2 it is about 18° 
lower even than that on dilute hydrochlonc acid Diluting this bufEer tends 
to raise the expansion temperature, about pa 4 

Siainlily of the Films 

This depends mainly on the alkalimty With the 16 carbon acid, collapse 
IS first perceptible about pa 8, and its rate mcreases rapidly as the solutions 
become more alkaline. The 14 carbon acid is not fully stable even at pu 6 .5 
The longer chain acids are somewhat more stable than palmitic, but all 
collapse readily at pa 10 and upwards, up to N/IU alkah As pomted out 
above, collapse becomes less if the alkali is made very strong Collapse on 
the buflered solutions was always found to result m the formation of ultra- 
microscopic aggregates, not a uniform bimolecular film 

Slates of Expanded and Condensed Films 

The state of the expanded films, and the packing m the condensed films, 
depends mainly on the alkalimfy, but there are mmor specific differences 
between different buffers. In general, liqmd-expanded films are formed on 
the acid side of the neutral point, vapour-expanded or gaseous films on the 
alkalme side, the lateral adhesion diminishmg with increasmg alkalinity 

Borate Solutions {buffered pa 12 to 7’6), fig. 3. 

The condensed films have the chains closely packed, tendmg to a limiting 
area of 20*6 sq. A., on all solutions more alkaline than Ph If more acid 
was added, bnngmg the pn I" beyond the buffered range, the condensed 
films became of the close-packed heads type below 16 dynes, very siinilar 
to those on dilute hydrochlonc acid, with a hmitmg area of 24*6 ± 1 sq. A. 
Compression above 16 dynes causes the chains to pack closely The change 
m type of the films was fairly sudden, occurring about Ph 6. 

Fig. 3, curves III to IX, show how the lateral adhesion between the molecules 
m the expanded state diminishes as the solution becomes more alkalme, with 
palmitic add. At p^ 12, the film is gaseous witb only moderately large 
correctums to the perfect gas laws. At Ph 8, it is vapour expanded, but with 
such large lateral adhesion that it dosely approaches thebqmd-expanded state. 
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Beyond the fhlly bnfiered region, on the aeid aide, the expanded films become 
liquid expanded at about pa 7-6; between 7-6 and 6, the limitmg area is 
about 40 sq. A , between 4-8 and 2*9, the limiting area ib about 48 aq. A., 
the expanded films being indiatinguishable from those on dilute hydrochloric 
acid. 



.jO JVO J5U Si/ A 2VO 


-j- SOppmwn 


Fio 


s Clark iiiiil Lubs 


Borate BohUtoiu 


I p„ 12 1, 10^ , 

II. 10 0, 16°, 

III. C,„ jiH 12 1, 18" , 

IV. C„, p„ 12 1, 8° , 
V C,„p„10 0,17”, 


VI. C,p p„ 0 3, 10-17° , 
Vll C,„ p„ 9 0, 10-17°; 
Vlll C,„ p„ 8 6, 10-17° i 
IX r,„ Pj, 8 0, 10-17°. 


Phosphate Sdalums {buffered /»h 8 0 to 6*0), 4 

Throughout the buffered range the condensed films of palmitic aoid had the 
heads close packed with limiting area 24 ± 1 sq A. (curve 111) below 16 dynes, 
above which pressure the chains pack closely The 20 carbon acid formed 
tomilur filma of about 1 sq. A Smaller area (curve II) Excess of alkali, 
bringing the Ph to obout 8 6, caused the chains to pack closely at low pressures 
(curve I). 


VOL. oxui.—^A. 
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The expanded films are probably just liquid expanded afc pa fi 0, and 
definitely vapour expanded at pa 8 0. Curves IV to VI and VII to X show 
how tiio 14 and 16 carbon acids change at low pressures , there is a marked 
mcrease m the tendency to cover large areas at low pressures, as the alkalinity 
is mcreased The change from liquid to vapour expanded occurs fairly close 
to pn fi 6 The film of m 3 mstic acid (curve IV) on pn 6 0 resembles that on 
dilute hydrochloric acid, except that the limiting area is 44 instead of 48 
On pn 6*8 a similar curve was obtained, except tliat the limiting area was 40 



1 C„, p„ CM 8 6, 18\ 

11. Om. J>H 6 8 to 8, ua 15^ 
HI Cm, Ph 6 to 8, cs 15" 
IV 0,4, p„ 6-0,18“ 

V C,.,Ph6 8, 16“. 


VI C,„p„7 2, 14“. 
VII 0,.. p„ 6 0. 16" 
VIII. C,„ Pa 7 2, U“ 

IX. 0 , 4 , p„ 8 0, 8“ 
X C,„ Pa 8 0, 80" 


There is a definite tendency for the limiting area of the liqmd-expanded films 
to be slightly smaller, for a small range of pa near the neutral pomt, than on 
more acid solutions 


Curate Solulwns {buffered pa 6*8 to 3*0). 

(hi citrate solutions the expanded films were liquid expanded, and olosriy 
ahnilar to those on dilate hydiochlono acid, m the buffered i^on. Addition 
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of more alkab, bnnging the pn above 7, caiuod the filma to become vapour 
expanded, the lateral adhesion decreasmg with mcreasing alkalimty The 
condensed films in the buffered region were of the close-paokcd heads type, 
below 20 dynes per cm, above which pressure the chains became closely 
packed The 16 carbon acid gave areas extrapolated to no compression of 
about 25 sq. A., between 6*7 and 'A 0. The 20 carbon acid gave areas 
about 1 sq A smaller Closely packed chains at low pressures were not 
obtained tdl for beyond the alkaline side of the buffered region, probably not 
till about pu 10 , but here collapse was so rapid that measurements were not 
precise 

PA/Au/o/e Sobdtons {buffered p„ 6 0 to 2 2). 

On phthalate solutions, fig 5. a new plienomcuoii appeared , the lateral 
adhesion both m the condetisori and in the expanded states began to dimmish 
about pxi 5 5 (Jb 0 5), as tlie solution biHame more acid This appears in the 



1. C„paca S 4. 14- V t!„. « 0, 15“ , 

II C,^p„co 7 «. 11°, VI Ci„p„3«, 16“, 

III 0,„ Pb 6 to 3, M 16-. VII C,*. p„ 2 2, 16*, 

IV C,„ Pb 2 2. M 15* , 

lowermg of expansion temperature shown in curve VI of fig 2; also in the 
expanded curves V to VII of fig 5 On 6*0, the expansion temperature 
and the form of tiie expanded curve are nearly mdistinguishablo from those 
on dilute hydrochloric acid, for the 14 carbon acid. On p^ 3*6 and still more 
on 2*2, the films have become vapour expanded, and the expansion tempera* 
tore has dropped appreciably. These pbenomena were not found when the 


2 R 2 
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phtihalate bufler was dilated a hundred ttmes, eg, on & bufler of •pa 3*8, 
M/2000 m phthalate, the films were mdiBtmgmshable firom those on dilute acid 
or on the full strength bailor of ^ 

The condensed films in the bufiered region were of the close-packed heads 
type below 18 dynes (curve III), tending to a limitmg area 24-5 sq A , above 
18 dynes the chains packed closely No definite vanation in the limiting area, 
within 1 sq A., was found with pn If excess of alkali were added, bnngmg 
the Pb much above the buffered range, the films formed close packed chains 
at qmte low compressions 

The decrease m lateral adhesion on the more acid solutions is probably due 
to adsorption of the bulky phthalic acid molecules at the surface. It was 
noticed that phthalic acid had a tendency to crystallize out at the surfaces m 
the M/20 solution of p^ 2-2 


The Pnnripa] Data between pg 12 and 1 may be tabulated 



The roost marked effect of alkali is the dimmution of lateral adhesion, 
both m the condensed and in the expanded states. There can be no doubt 
that this IS mainly due to the development of similar electric charges on 
adjacent molecules, by lomzation of the carboxyl groups. This fall m adhesion 
becomes apparent just on the alkahne side of the neutral point and reaches a 
TnftTipnim on very dilute caustio soda solution, pa alone, however, does not 
fully determine the lateral adhesion on the alkahne side, e.g., the adhesion is 
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considerably greater on a borate solution of pa 12 than on 2N sodium carbonate 
of Ph 11adhesion in condensed films of borate is very much higher 
near the neutral point than that of any other buffered solutions In general, 
the adhesion in the condensed films seems to run nearly parallel with that in 
the expanded films, though this rule is not of quite rigid application; e g , the 
expansion temperatures arc practically identical on N/10 and 2N soda, although 
the adhesion m the expanded state is decidedly greater on 2N than on N/10 
Complexes of a firm or loose character between the anions in buffer salts 
and the active groups in the films arc presumably responsible for the specific 
effects of these salts on the adhesion , with borate, these appear to inorease the 
adhesion, with phthalatc, to diminish it It is possible that the diminishing 
effect on the adhesion, of tlie more acid phthalate solutions, is due, not to the 
formation of a defimte complex, but simply to the phthalate ions becoming 
adsorbed at the surface, thus competing for the available space and causing the 
film molecules to adhere less strongly. Measurement of the surface tension 
of tbs phthalate buffer (p,{ 2 2) at room temperature by the drop weight 
method, showed it to bo 3 5 dynes per cm le.<is than that of water, i e., there 
IS an appreciable adsorption at the aur-liquid surface 
Variations m alkalmity also bring about changes in the pocking in the 
condensed state of the films, which are somewhat complex These are pre¬ 
sumably due to changes in the size and shape of the end groups One of the 
most obvious of those chang&s is the enlargement of the end of the molecules 
on strongly alkaline solutions. On twice normal soda, the molecules pack 
to about 31 sq A at no compression, t e , about 60% larger area than that of 
closely packed chains, twice normal potash gives an even larger film, about 
38 sq. A These changes are probably due to adsorption of the cations, 
potassium bemg larger than sodium Here it is the concentration of the cation 
rather than that of the hydroxyl group wbch determines the size of the end 
group, it IS immatenal whether the twice normal solution of sodium contains 
mostly hydroxyl or mostly other amons, provided that some hydroxyl is present 
Dilute alkalme solutions generally cause the films to pack with close-packed 
chains This packing persists, as the solutions become more acid, until a 
certam cntical pu> there is a fiurly sudden change to films giving com¬ 
pression curves in two portions, the lower portion reaching an area of 24 or 
25 sq. A. (close-packed heads), the upper bemg the typical curve of close- 
packed chains. This change was first noticed by one of us m 1921; Lyons 
and Rideal thought the change was gradual, but on the solutimis which we 
have most carefully examined, we have always found it to be complete in one 
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or at most two units of pn We ofpvc with thorn, however, that the of 
this critical jioint, at which the packing changes from close-pac,ked heads to 
close-packed chains under low compressions, is different on different buffer 
solutions, it IS usually between pn 6 and 8 

This change cannot be due to repression of loni/ation of the end group, as 
it occurs wholly within a range of Ph m which the ionization is probably small, 
and IS changing but little There is no evidence for the theory sometimes 
advanced, that it is due to hydration of tlie end group incroasmg its size, 
it might be due to sterocheniical alteration in the shape of the cnil group; 
or, as was suggcstol m 1921, not to any change m the size of the end groups, 
but to the influence of some forces between the end groups and the water causing 
all the end groups, naturally larger than the chains m cross-section, to come 
nearly or completely into one plane on the acid side of the point of change of 
packing , on the alkaline side, adjacent nioleeules might be packed at slightly 
different heights, so that the rather bulkier heads might tuck away into recesses 
formed by the zigzags in the chains, the result being close-packed chains. 
If this 18 the correct picture of what is happening, again there is no obvious 
reason why the change should occur abruptly, except that we know that most 
changes in the internal structure of crystals and other aggregations of molecules 
do commonly occur sinldenly , e g, melting, or transition from one allotropic 
form to another. 

A few scattered observations have hinted that the limiting area of the close- 
packed heads form of film may be smaller with chains of 20 or 22 carbons 
than with 16 carbons, this requires confirmation before it can be considejed 
established 

The spontaneous contraction on alkaline solutions is unquestionably a 
partial collapse of the films to localized aggregates of very much greater thick¬ 
ness than the films themselves There is no evidence that it is to a bimnlecular 
film The rate of this collapse appears to increase pan pasm with the extent 
of ionization, commencmg at an alkalinity when' a considerable proportion 
of the end groups are probably ionized It is, however, entirely prevented by 
considerable cxmcentrations of sodium or potassium ions, an effect which, 
superficially at least, resembles “ salting out ” Collapse thus occurs when we 
should expect solution to take place, and may, indeed, be a secondary result 
of solution ; possibly the molecules in the film are drawn a little way into the 
mtenor of the solution, and then a^^regate into small groups which may be 
allied to McBam’s “ neutral colloid ” form of soap There is, however, no 
proof of this connection. 
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Wc thank Dr G. Jeasop for some preluninary observations on the more 
alkaline solutions. The cost of the ultramicroscopic apparatus was defrayed 
by a grant from the Government Grant Committee 

Summary. 

Monomolecular surface films of fatty acids have been studied m detail over 
the complete range of acidity between strong alkali and dilute acid, especially 
on the alkaline side 

Electrolytic dissociation, progressively increasing from neutral to alkabne 
solutions, causes a very marked decrease in lateral adhesion both in condensed 
and in expanded films Minor specific effects of buffer salts on this adhesion 
are also found 

Collapse occurs, to ultranucroscopic aggregates, on the more alkaline 
solution, but this is prevented if strong concentrations (2N) of salt are present 
Bimolecular films are not formed. Concentrations of salt soificient to retard 
collapse on alkalme solutions tend to increast' the size of the end groups, 
probably by adsorption of cations. 

The change in packing of the londensed films from close-packed chains 
(the form found on alkalme boiutions) to closc-pcked heads, usually occurs 
withm a small range of p^, the exact value of which depends somewhat on the 
buffers present 
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The Structure of Surface Fdms. Pari XIX —Influence of Alkaline 
Solutions on Films with Various End Groups. 

By N. K. Adam and J. 0. F. Miller. (From the Sir William Ramsay 
Laboratories of Physical and Inorganic Chemistry, Umversity College, 
London, and Impenal Chemical Industries, Ltd ) 

(Communicated by F G. Donnan, F R 8 —Received June 1,1933. Revised 
July 9, 1933 ) 


In this paper, the eHect of alkalinity of the underlying solution on substances 
with end groups other than carboxyl is studied Surface pressure measure¬ 
ments only were made 



Fia 1 —Dibasic Acids 


I Acid (n == 32) on 2N NaOU 
n n - 24 on 2N NaOH 
lU n = 20 on 2K NaOH, 

IV. Octodeoy] fnakmio sold on N/,^ HCJ 
V. „ .. water. 

VI „ .. 2NNaOHand2NNa,CO,. 

Dtbanc Aotds HOOC . (CH,), . COOH. 

Hg. 1, curvea I to III, show the pressure-area relations found with three 
members of the senes on twice normal caustic soda The acid with n » 32 
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IS condensed at 20°, tending to an aiea at no compieasion of about 30 sq A., 
this figure is not very accurate, owing to collapse of the films; the area is 
nearly the same as with the films of monobasic acids on this solution. The 
condensed films of these dibasic substances, with a polar group at each end of 
the cham, were shown m Part IX* to be onented upright with one soluble 
group only in the water On 2N soda, the acids with n = 24 and 20 are both 
gaseous at the lowest temperature attainable (3°), the acid (n — 20) being 
naturally the more perfectly gaseous film 

On dilute hydrochloric acid, the last two acids are half expanded under 
1 -4 dynes per cm. at temperatures of 57° and 38° respectively. It is probable 
that the half expansion temperature of the acid {n — 24) would be at least 
as low as — 6°, perhaps very much low'er, judging from curve II obtamed 
at 3° It may safely be said that the strong soda solution lowers the expansion 
temperature of these dibasic acids at least as much as and probably more 
than, that of the monobasic acids 

None of the films was very stable even on soda, but the collapse was much 
less rapid than with these dibasic acids on water Collapsi* occurs more 
rapidly with condensed than with gaseous films. It is easy to see why collapse 
should readily occur, m the condensed films the molecules are closely packed, 
noArly upright, with one carboxyl at the top of the film as well as one in the 
water below This upper carlioxy 1 is exposed and serves as a nucleus on which 
collapse can easily occur 

Ocladecyl Malontc Acid CH (dOOH), 

On dilute hydrochloric acidf and on water the films arc condensed , on 2N 
sodium hydroxide or carbonate, they are gaseous at 20°. The film on water 
was not expanded even at 48°. There is thus a large decrease in lateral 
adhesion on sodium hydroxide or carbonate. 

On water, the area tended to about 37*5 sq. A. at no compression, on 
dilute acid it was about 04 sq. A., the film spreading out considerably below 
5 dynes per cm. There is only one oham m the molecule, so that evidently 
the two carboxyl groups attached to the end of the chain require, as would 
be expected, a considerable space on the surface 

* ‘ l>roo Roy. Soo A, voL 112, p. 376 (1926). 

t Wo ore indebted to Mr. J. F. Donielli for detenmning the curve on dilute HCl That 
on water was determined by one of us in 1924, using the older apparatus with air jets, it is 
not very aoonrate, and in some experiments sraailer areas were obtained 
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j) - All-yl Pht-nols CeH 40 H 

Fir 2 shows the pressure-area curves obtained on water and on vanous 
alkaline solutions Curve 1 is the condensed curve previously obtained on 
water for the phenols with chains of 12 or more carbon atoms in the condensed 
state * Curve II, that with dodecyl phenol on water in the liquid expanded 
state, ending at about 39 sq A DikIocvI phenol is half expanded at 19'’ on 



I Condensed films on water 


II 12 carbon phenol on water, 30° (expanded) 

III 18 carbon phenol on 2N NaOH, 3” 

IV 16 carbon phenol on 2N Na.CO,. 16° 

V 16 carixm phenol on 2^ NaOH, 21° 

VI 12 ourbon phenol on 2N Na,CO„ 16° 

Vll. 12 carbon phenol on 2N NttOH, 1»° 

water under I 4 dynes The effect of alkali is twofold , twice normal caustic 
soda lowers the expansion temperature so that dodecyl phenol is a gaseous 
film at 19° (curve VII); hexadecyl phenol (curve V) is gaseous only below 
6 dynes per cm at 21°—the half-expansion temperature under 1 4 dynes is 
about 14° , octadccyl phenol is condensed at 3°, but the area tends to about 
29 sq. A per molecule (it is 24 on water). On water, the half-expansion 
* ‘ Proo. Roy Soo A, vol 103, p 876 (1923), vol. 117, p. 532 (1928) 
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tK'mpeiaturc of hcxadocyl phenol la about 56°, hence the lowenng of the 
expansion temperature caused by the twice normal caustic soda is about 40°, 

I e , appreciably less than with a carboxylic acid There appears to be some 
increase in size of the end group on the strong soda 
()n twice normal sodium carbonate, dodecyl phenol is expanded but not 
gaseous (curve VI) at 16°, hexadecyl phenol is condensed (curve IV) but 
tends to the area at no compression of 28 5 sq A On this solution, therefore, 
increase in area of the end group caused by the strong alkali ls practically 
the same as with caustic of equal stri'ngth, but the diminution in lateral 
adhesion is considerably less than on caustic The carlioxyhc acids gave 
nearly the same diminution m lateral adhesion on twice normal carbonate as 
on caustic , the difference between the phenols and the carboxylic acids here 
IS doubtless due to the much higher dissocnatioii constant of the carboxylic 
acid 

On a solution 1 5 N in sodium liyilroxide and 0 5 N in sodium nitrate, the 
half-expansion tmnporature is about 15°, f e, practically the same as on 2N 
NaOH, on O-SNNaOH and 1 5N NaNO, it is 2‘1°. Thus the raaxunum 
lowering of lateial adhesion is not reached till a strength of hydroxyl nearly 
twice nornml is reaeheil, perhaps not even then 

fitearyl Heswcim] 00 (',11^ (OH)^ (1 U 1) 

Fig curves I and II, are on wabT at 13’’ and 45" respectively * With tins 
class of (ompounds, no sudden expansion is found on raising the temperature. 
Curves III and IV arc on twice normal caustic soda, at 5° and at 20°, respec¬ 
tively There is much less lateral adhesion than on water, but the diminution 
m adhesion cannot be estimated exactly as before owing to the absence of a 
definite temperature of expansion. I’alniityl resorcinol, w ith two fewer carbons 
m the cham, gave a curve on water at 45° very close to II Since curve III 
lies well to the nght of curve II, it is clear that there is much less lateral 
adhesion between the molecules in the film of the longer cham stcaryl resoremol 
at 3° on 2N soda, than in that of the palmityl resoremol on water at 45° The 
effect of the strong caustic soda is thus to redue.o the lateral adhesion at least 
as much as with the simple phenols described above, and probably more 

Methyl Pahmiaie. 

This ester forms a condensed film on water and acid, expanding to a vapour- 
expanded film at 26°. On alkaline solutions there is little if any change in the 
• Cf., Part XI, • Proo. Ro> Hoc A, vol 119, p 630 (1028) 



l^mea/cfn. 


N. K. Adam and J. G. F. MiUer. 


fotm of tho condensed film or the temperature of expansion until strong alkalies 
are reached, when hydrolysis begins. On 2^ caustic soda, the films increase 
rapidly m area, becommg gaseous, tdl they have nearly tho same area as films 
of palmitic acid This is obviously due to hydrolysis of the ester group , at 
19° it 18 half completed m approximately 3 mmutes. The hydrolysis appears 
to be retarded by increasing the surface pressure It is very similar to tho 
hydrolysis of Y-stearolactone, recently described by one of us.* 



\a so ' <P> tft' bq A fio .W ' /l‘r> 

i’lo 3 —Stcaryl resorcinol 

I —on water, 13° , II —on water, 4fi° . Ill —on 2N NaOH, 3° ; IV —cm 2N NaOH, 20°. 
iVttnfw. 

Some measurements on films on various mtnles indicated no appreciable 
change, cither m the form of the condensed or expanded curves or in the 
temperature of expansion, on 2N caustic soda, from tho well-known films on 
water or dilute acid. 

Diacvuavm 

A marked dimmution in lateral adhesion occurs whenever the water-soluble 
end groups are likely to be ionized, but does not occur when no ionization is 
possible. The fatty acids desenbed in the preceding paper, with a single 
oairbozyl group, suffered a lowering of expansion temperature of nearly 60“ 

* • Proo Roy. Soo.,’ A, vol. 140, p 223 (1933) 
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on sodium carbonate (2N) and on all strengths of caustic soda. The more 
weakly lomzed phenols suffer a slightly smaller lowering of expansion tempera¬ 
ture, even on twice normal alkali, than the amds; and the maximum lowenng 
with phenols is not reached till the strongest alkali is used. These changes m 
lateral adhesion in the condensed films are no doubt due to the development 
of similar electric charges by ionization on adjacent molecules, the phenols 
requirmg stronger alkali before the ionization is complete, than the acids. 

In addition to the experimental evidence in this paper, it may be noted 
that surface films of the alcohols* have the same surface pressure on N/10 
caustic soda, water and dilute acid. Films of the amines have much less 
lateral adhesion on acid solutions, when they may be expected to be ionized, 
than on alkaline solutions f 

There is probably some connection between the changes in lateral adhesion 
in these monomolccular films at an air-water interface, and the changes m 
interfacial tension between benzene solutions of various orgamc compounds, 
and aqueous solutions of varying alkalimty, studied especially by Peters. 
He found a very marked diimnution m interfacial tension, with benzene 
solutions of acids, as the aqueous solution became more alkalme, and a 
similar diminution with benzene solutions of amines, when the aqueous 
solution became acid Esters showed some diminution m mterfacial tension, 
when the aqueous solution became strongly alkalme The parallelism is not, 
however, exact, as qmte different quantities are being observed m the two 
sets of experiments Assuming, as is probably nearly correct, that the air- 
Iiqmd surface tensions of the aqueous and benzene solutions used by Peters 
are practically the same throughout, the dimuiution of interfacial tension 
must be equal to the increase in adhesion between the two liquids, perpendicular 
to the mterface. Any change m composition tendmg to start chemical 
reaction between the two liqmds would increase this adhesion, it need not 
necessarily bo an electrol 3 d^ic dissociation. In our experiments, it is the 
lateral adhesion between the molecules m the surface film which is measured, 
and the electrolytic dissociation is the pnncipal &ctor concerned m altering 
this. Peters’ very marked fall m interfacial tension found with the lomzable 
substances under conditions when the end groups would be ionized is agam an 
increase in perpendicular adhesion between the hqmds, but is here presumably 
a secondary effect of the dissociation of the end groups. 

* Adam and Dyer. ‘ FToo. Boy. Soo.,’ A, vol. 106, p. 606 (1924). 

t Adam. ‘ Eroo. Roy Soo.,’ A. voJ. 120, p. aae (1930). 

+ ‘ Pioc. Roy. Soo.,’ A, vol, 133, p. 140 (1931). 
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Summary 

Mononiolecular films of numerous substances with lomzable end groups 
show a marked decrease in lateral adhesion, when the alkalinity of the solution 
IS changed so as to ionize the end groups Substances with non-ionizable end 
groups do not show this effect 

Strong soda solutions tend to increase the size of carboxyl or phenolic groups 
at the end of the molecule 

Films of methyl palmitate are fairly rapidly hydrolysed on 2N caustic soda 


The Refection of X-Rays from Anthracene (Wysteds 

By B. Wheelkb Robinson, Davy Faraday Ijaboratory, The Royal 
Institution, London, W 1 

(Communicated by Sir William Bragg, O M , F R 8 —Received .Tune 2, 1933 ) 
fflAT* 15 ] 

The importance of absolute, as opposed to relative, intensity measurements 
m X-ray crystal analysis has often been stressed,* and such measurements may 
lead, with compounds where one sort of atom is of dominant importance, to 
a direct and unequivocal determination of the structure Their value in the 
analysis of organic compounds, where usually no atoms are predominant in 
X-ray scattering power, is perhaps not so immediate, nevertheless, the 
absolute X-ray reflection of a given substance is at least os important a constant 
as, say, its thermal conductivity, and its determination is a necessary pre- 
limmary to any detailed study by the X-ray method 
Hitherto such absolute measurements have been confined to inorganic sub¬ 
stances, e g , rock-salt, usually occamng in large crystals It seemed to be 
worth wblc to make a determination of the absolute reflecting power of a 
typical orgamc crystal in conditions similar to those employed m the analysis 
of such crystals, i e , usmg a small crystal completely bathed m a monochromatic 
pencil of X-rays A very suitable substance for such a measurement is 
atUhraoene, smee it is easily obtamed pure and in crystals which are reasonably 
* Bragg and West. ‘ Z KnsUUog.,’ vol. 09. p 118 (1928). 
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permanent and simple to adjust, but more particularly because its structure is 
already known in considerable detail and relative intensity measurements 
have been made on it with accuracy* It is hoped that the measurements 
described in this paper will enable workers with other crystals to standardize 
senes of relative intensity measurements with the minimum of labour, by 
companng directly one of their observed reflections with the (001) reflection 
from a small weighed crystal of anthracene The comparison can bo made 
without difficulty, either photographically using an integrating rmcrophotometer 
or by the ionization method on an ordinary spectrometer 
Wo must admit in such an absolute det<*rmination two separate stops first, 
the nieasiireinent of the X-ray intensity reflected in a given direction by a given 
crystal when ex[JOsed to a radiation field of known mtensity, and second, the 
deduction from this result of the absolute reflecting power of an ideal crystal 
of the substance The first part of the problem is a purely expenmental one , 
the second involves in addition certain theoretical assumptions about the 
passage of X-rays through the crystal 
The intensity of reflection of X-rays from a small crystal has been investigated 
theoretically by several writers f If we make the following assumptions 
that a small crystal mosaic (t e , one m which the mis-orientation of the i,om- 
ponent blocks is sufficient to nullify the effects of extinction) is uniformly 
illuminated by an X-ray beam of mtensity 1, then the total energy E reflected 
by the crystal as it turns through a reflecting position with angular velocity 
<*> IS given by 

^-QdV, 

where 




I-f cos* 26 
2 Bin 20 


Here dV is the volume of the crystal, N the number of scattenng units 
per unit volume, X the wave-length, 6 the angle of reflection, and F the 
structure factor for the set of planes considered F includes the effects of 
temperature agitation of the atoms, and represents the extent to which for 
these planes the atoms find themselves on the average removed from the con¬ 
centrated thin sheets of scattenng matter in which the simplest picture imagmes 
them to lie In addition we assume that the mcident radiation is non-polanzed, 
and that the effects of non-coherent scattenng can be neglected. 

• Robertson, ‘ Proo, Roy. Soo A, vol 140, p 79 (1933). 

t Darwin, ‘ Phil. Mag.,’ vol. 43, p 800 (1922). ’ Phil. Mag.,’ voL 27, pp. 315,675 (1914), 
Comptoo, “ X-rays and Eleotrona.” 
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How far this equation is applicable in practice seems to be a difficult matter 
to decide The general opinion is that Darwin’s “ pnmary ” extmction is 
not a cause of senous error for imperfect crystals—m which class wo may place 
the majority of organic crystals. Experimental correction must bo made for 
secondary extmction, but as we shall see later the correction is not large for the 
crystals which have been used m the experiments to be described here The 
normal absorption of the X-ray beam in the crystal, apart from extmction, 
causes a senous error for the longer wave-lengths (X — 1 539 A) if it is 
neglected 

The present paper desenbes measurements employing this equation on smgle 
crystals of anthracene for the planes (001), using two different wave-lengths, 
VIZ , X = 1 6^9 A and X - 0*709 A., derived from copper and from molyb¬ 
denum targets respectively We shall deal first with the method of measure¬ 
ment and the apparatus used , then we shall investigate certain necessary 
corrections, m particular the correction for extinction in the crystals, and 
finally present and discuss the final values for the absolute reflection of the 
(001) planes 

Section A —The Experimental Method 

Imagining the crystal to be mounted about a smtable axis in a homogeneous 
pencil of monochromatic X-rays, our problem is to compare the total intensity 
corresponding to a given crjrstallographic plane reflected by the crystal with 
the mtensity of the roduition field at the crystal The simplest procedure is 
to rotate the crystal at a uniform angular rate through its refloctmg position, 
measnnng meanwhile the mtograted intensity, then a small diaphragm of 
known area is substituted for the crystal, and the total energy passing through 
it in a given time is also observed 

The energies may be measured with an ionization chamber or with a photo¬ 
graphic plate, both methods have been employed with success, though the 
present paper includes only results obtamed with the ionization chamber. 
In either method reliance is placed on the constancy of the X-ray beam through 
the experunent. The difficulties lie first m the obtaimng of a monochromatic 
radiation field of suffiaent uniformity, mtensity and constancy, and next in 
the comparison of two quantities so different m magmtudo as the du^ct beam 
through the diaphragm and the reflected beam from the c^tal. This second 
difficulty 18 implicit m many physical measurements , it is usually overcome 
by reduemg the variables to be determined to terms of such quantities as 
length, electrical resistance, time, etc, which can be measured very aoouiately 
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without much trouble In the present experiments, using the photographic 
emulsion as indicator, the time factor may be used to obtain on the plate two 
blackened areas of nearly equal intensities for comparison on a photometer, 
usmg the ionization chamber, the electrical properties of the ainplif 3 nng 
system may bo invoked to provide the requisite range of comparison 

The apparatus employeil is shown diagrammatical ly in fig 1, its component 
parts will now be briefly discussed 



(1) The X-ray Source -This was a sealed-off line focus tube with either 
copper or molybdenum target, the permissible loailings bemg | or 1| kilowatt 
respectively Current at voltages up to 50 kilovolts was supplied from a 
6-kilowatt transformer at 60 cycles, with biphase rectification and a reservoir 
condenser of 0 2 microfarads across the outpul No perceptible ripple at 
twice the supply voltage could be seen on an X-ray photograph taken on a 
rapidly moving plate The current passing through the tube could bo adjusted 
to 0-2%, as could the voltage applied , the latter was measured m terms of the 
current passmg to earth through an oil-immerscd wirewound resistance of 
20 m^homs, made to the design of Mr. R. E. Clay from the “ sphagetti ” 
wire now extensively used for high resistances m wireless sets It had a total 
length of 40 yards and was wound on a paxolm former; the temperature 
coefficient was negligible in the conditions of use The whole high-tension 
apparatus was enclosed m an earthed wire cage equipped with proper safety 
devices, and tiie apparatus would run steadily for hours at a tune without 
attention beyond an oooasional adjustment of the filament current of the 
X-iay tube. Fluctuations of the order of 1% m the supply voltage were 

vou oziiii.— A. 2 r 
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troubIcBoinc at times, they were sufficiently inftequcnt to make the observa¬ 
tions possible without the use of any form of stabilization or automatic control. 

Attached to the X-ray tube, and fonmng a unit with it, was mounted a 
monocbroiiiatizmg crystal of rock-salt at a distance of some 10 cm. from the 
target, and cqmpped with slits and adjustments adequate to isolate the E. 
Imes of the radiation required By making this monochromator in one umt 
with the X-ray tube, the adjustment of the apparatus was greatly facilitated ; 
the tube was so mounted that it oould be turned about a vertical axis through 
the moiiochromatizmg crystal The experimental crystal was 60 cm or more 
from the monochromatizing crystal, this largo distance was found to be 
essential m order to secure, over an area several times that of the crystal, a 
radiation field umform to 1%. The monochromatic beam could be traewi on 
a fluorescent screen as far os the experimental crystal in a nearly dark room 

(2) The Aperture System —^Mounted on a mechanical stage giving threo- 
dimcnsioual motion was a brass strip carrymg the apertures By a preliminary 
calibration of the mechanical stage, any aperture could be brought mto com- 
(idetice with the centre of the crystal (the latter havmg been removed) to an 
accumey of about 1/10 mm The apertures were round holes m platinum 
sheet 0’3 mm. thick, they were made by punohmg a small hole m the platmum 
with a needle pomt and enlargmg it with watchmaker’s broaches to the required 
size, the edges being bevelled with a small dnll, and the holes carefully cleaned 
with a small splinter of wood dipped m alcohol. The areas were measured 
With a travellmg microscope as carefully as possible, the smallest holes were, 
however, difficult to measure with an accuracy as great as 1%, and finally 
greater reliance was placed on areas deduced from measurements of trans¬ 
mission m a uniform X-ray field In this way the areas were “ stepped up ” 
until a size was reached which could be measured with confidence on the 
microscope Altogether four apertures were used, with areas varying from 
0 04 to 0-15 sq. mm., and were compared with a larger aperture of area 0‘6 
sq mm 

(3) The lomzatwH and Recording Apparatus .—^The cylmdneal ionization 
chamber was of steel, built to withstand a pressure of several atmospheres, and 
filled with argon. The window for the admission of X-rays was of cellophane, 
held m place by rubber gaskets and coated mternally with thin alumimum leaf. 
The collecting electrode, protected by a guard ring m the usual manner, had 
quartz insulation, and was connected directly to the gnd of a Q.E.O. “ electro¬ 
meter ” valve, which was shielded by a thick alumimum cylinder bolted to the 
ionization chamber. A flexible metal screening tube earned the necessary 
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leads to a metal box contaimng the batteries for valve and ionization chamber. 
The whole of the chamber and valve ensemble was earned on the arm of the 
ionization spectrometer, some of the weight being taken off the bearings by 
a vertical stretched spring. 

The electneal connections are shown m fig 2 The high resistances Rj, 
Ri» Ra were made according to Brewer’s dcscnption* of a pencil line on amberoid 
rods, sealed w ith elwnite caps in glass tubes containing a drymg agent They 
wen> brought into action by the selector switch indicated m the diagram, 
which could be o^ierateil from outside the screening tube , its contacts were 



of platinum on phosphor-bronze springs, and were worked by ebomte cams. 
A photograph of the switch assembly, showmg the amberoid pillar carrj/ing 
the grid lead, is shown m hg 3, Plate 5 A phosphorus pcutoxido tube main¬ 
tained the air inside the screenmg tube as dry as possible 
The indicating galvanometer was specially built for this apparatus; it was 
of the movmg magnet type, Broca system, had high resistance coils (25,000 
ohms), and was completely immersed in paraffin oil of suitable viscosity to 
give the requisite damping Its undamped period was of the order of J second, 
and its sensitivity 300 mm. per microampere at 1 metre Smee the quartz 
suspension in such an mstriiment can hardly be described as a “ fibre,” and 
the liquid damping gives practical immunity bom mechanical shocks, the 
robustness of this simple galvanometer is extreme 

The image of a orosswire reflooted from the galvanometer mirror was received 
on a sheet of paper held m a roller (actually an old typewriter roller was used) 

* ‘ Bev. Soi. Imtr.,’ voL 1, p 32S (1930). 

2 r 2 
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which was geoied through a shaft with universal joints to the traveremg screw 
of the spectrometer, controlling the angular position of the crystal, and was 
turned at a slow speed by a small electnc motor through a suitable clutch 
and gearing If the motion of the image be followed with a finely-pomted 
pencil pressed agamst a straight-edge fixc<l dose to the paper, then as the 
crystal is turned through the reflecting position the reflection curve of the 
crystal is traced on the jiaper, assuming that the ionization chamber has been 
placwl with wide open slit m such a position as to receive the reflectotl beam 
This apparatus for givmg a continuous and permanent reconl of the behaviour 
of the crystal is easy to construct and instal It is superior to a more complicated 
automatic photographic arrangement, which of course would be quite feasible, 
because the observer can exorcise his faculty of selection, he can hurry or 
retard the speed of recordmg at appropriate moments, and he can discount 
the effects of spurious disturbances, e g , caused by the emission of an alpha- 
particle m the chamber It is possible to make a complete reconl of a strong 
crystal reflection in about 1 minute, » c , withm this time to draw the curve of 
reflected X-ray intensity plotted against angular position of the crystal over 
about 1° on either aide of the reflecting position , a weak reflection must be 
recorded more slowly than this, as the time-lag of the gnd circmt of the 
amplifier is appreciable if the highest value of shunt resistance is employed 
Nevertheless, even with the weaker reflections the process is quite speedy and 
IS much to be preferred to the step-by-step plotting of the reflection curve m 
the usual manner On the curves as usually recorded, 10 cm corresponds to 
I® of turning of the crystal, and the paper moves at rates varying from about 
5 to ^ cm m 10 seconds Usmg the highest value of shunt resistance (about 
10“ ohms) each alpha-particIe emitted in the chamber gives a sudden kick of 
some 2 cm , unfortunately owing to the ^neral radioactive contamination of 
this laboratory it has not been possible to free the apparatus from these dis¬ 
turbances as well as might be wished 

Sectvm B — Necessary Carrectwns and Determinations 

(1) The Weight of the Crystal. —^This quantity enters directly into the equation 
we are using, and an essential feature of this investigation was the use of crystals 
of a considerable range of weights. A special microbalance was ooustructed 
of hollow fibres of fused Fyrex glass, the two sharp carborundum pomts about 
which the beam oaoillated* being supported on a slab of plate glass. Inside 

* MoBsin and Tanner, * Proo Koy. 8oo ,’ A, vol. 125, p. 679 (1929) 
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the beam on one side was enclosed a magnetized steel needle , at the other end 
a tmy balance pan of glass was hung from a V hook made of a glass fibre of 
small diameter The time of swing was about 2 seconds , a fine pointer at the 
end of the beam was observed in a microscope The whole balance in its 
protecting case was supported between two large Helmholtz coils giving a 
uniform magnetic held , the weighings were pcrformwl m terms of the current 
through these coils, which could be accurately adjusted by a sjrstem of rheostats, 
and the balanea was calibrated by the use of a standard half-milligramme 
weight. No attempt was made to secure the extreme accuracy which is 
possible from a balance of this type, nevertheless, over a period of many months 
the sensitivity has remained unaltered, and wcighmgs to an accuracy of 1/1000 
milligram, which was adequate for the present research, were speedily performed. 
By further attention to scrccmiig agamst electrical, magnetic and thermal 
disturbances, there is no doubt that the aexniracy could bc' iinproveil by a 
considerable factor 

(2) The Perfonmnee of the Amphjier —Small ionization currents flow to the 
gnd of the valve from the ionization chamber In taking the deflections of 
the galvanometer as a true measure of these currents, we are in effect assuming 
(o) tliat the high resistances obey Ohm’s law over the small voltage range 
employed, and (6) that the grid voltage anode current curve of the valve and 
the current. deflection curve of the galvanometer between them give a linear 
charactenstic. The assumption (6) is easdy chocked by applying known 
potentials to the valve gnd from a potentiometer system, it was found that 
the Imearity of the apparatus was satisfactory over the range employed, with 
or without the galvanometer shunt (see next section) in use. The point 
(a) seems to have boon implicitly assumed in the work of several experimenters 
who have used high resistances composed essentially of graphite ♦ Some 
evidence in favour of the assumption was gamed from the fact that the ratio 
between the values of the three graphite resistances m this apparatus (measured 
by using each resistance in turn and comparing the sizes of aperture m a 
uniform X-ray field necessary to give equal deflections on the galvanometer) 
was found to be mdepondent of the intensity of X-rays used for the calibration. 
As the three resistances were of various shapes and thicknesses, this gives some 
evidence that Ohm’s law was severally obeyed 

Further evidence as to the electrical Imeanty of the apparatus was obtained 
by allowing an X-ray beam to enter the ionization chamber and observing 

* of. Rentsohler and Henry, * Rev. Sot Iiutrol. 3, p. 91 (1988); and Brewer, loo, eU. 
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the deflection as the current passing through the X-ray tube was raised, the 
voltage bemg kept accurately constant As the apparatus was being run at 
very low power, it is probable that the cflects of npple in the output voltage 
were negligible, and it is generally assumed that in these circumstances the 
X-ray output of a hot-fllamcnt tube is accurately proportional to the tube 
current A good straight line was obtained when galvanometer deflection 
was plotted agamst tube current 

(3) The Htgh RenMancen and Galmnometrr Shunt.—Aa has been said above, 
the values of the resistances were detennini'd in terms of the size of aficrture 
necessary to obtain equal deflections with each of them in turn m a uniform 
X-ray beam, to secure which the apertures and ionization chamber were 
removed to a distance of a couple of metres from the X-ray tube Plotted 
over a period of months, the value of the highest resistance (about 10*^ ohms) 
shows a gradual nse as compared with the other two values, from day to 
day, however, its ratio was satisfactorily constant 

Many of the best measurements were made usmg the same value of the high 
resistance throughout, but using a galvanometer shunt to secure the necessary 
extension of electneal range This was a shunt resistance of 1/4 G and a senes 
resuitanco of 4/6 G (G representing the galvanometer resistance) l>oth thrown 
mto cuemt by the operation of a switch, and m effect makmg the apparatus 
exactly 1/5 as sensitive as before The senes resistance is essential, as other¬ 
wise the total resistance of the galvanometer combination (which is of the 
same order as that of the valve) is altered, and the valve would be caused to 
work on a different portion of its characteristic, leading to senous error 

(4) The Monochromattsm of the Beam —^Thc radiation reflected by the mono- 
chromatizmg crystal will not, of coarse, consist entirely of the desired wave¬ 
length X; there will also be present radiation ^ X, etc in amounts depending 
on the spectral distnbution curve of the pnmary radiation and the relative 
intensity of reflection of the various orders of the planes of the crystal. There 
will also be general scattered radiation of various wave-lengths. 

An analysis of the “ monochromatic ” beam was carried out both for the 
copper and the molybdenum X-ray tubes, usmg a laige rock-salt crystal as 
analyser to secure the maxim um possible intensity, and allowuig the radiation 
to fiall on it through a slit, the apparatus, screens, etc , being arranged exactly 
as was usual during the actual raeasurements Using the low resistance for the 
measurement of the area under the peak X, a maximum value for the area 
under the remainder of the curve from approximately ^ X to 2X was detemuned, 
using the highest resistance, t.e., with the apparatus about 60 tunes more 
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sensitive than before. It was found that practically all the unwanted radiation 
was of the wave-length ; and the following figures were adopted as the most 
probable after several separate determinations — 

Unwantcfl radiation with the copper target = 1 6% 

Unwanted radiation with the niolybdenuni target = 1 0% 

In amving at these figures, allowance must be made for the varying efficiency 
of reflection of the rock-salt analysing crystal as the wave-length diminishes. 
A calculation of tins efficient y ftom the known structure of rock-salt would 
be rather hazardous, m view of the strong extmction which specimens of this 
crystal show for reflections from the cleavage plane , consequently an oxpen- 
mental doterimnation of this efficiency was made A monochromatic beam 
defined by a slit was allowed to fall on the crystal face, and the intensity of the 
mam beam was compared with the total integrated intensity reflected by the 
face by just the methods which have been described for the anthracene crystals 
The results of the measurements were — 

X = 1 539A ^ = 2 33x10-* 

X = 0 709 A. ^ 4 16 X lO"* 

In addition, Bragg, James and Bosanquet* give the figure 5’6 X 10~* for 
X — 0-614, Comptonf 4-4 X 10"* for X = 0 709, and ELirkpatnck and RossJ 
1-82 X 10"* for X = 0 660. The first two of these results are comparable 
with our own, bemg taken with a crystal with a ground surface , but the last 
one was with the freshly-cleaved surface of a particularly perfect specimen of 
rock-salt, and the value should therefore be multiplied by a factor of two or 
three times to brmg it mto line with the others. Though we may say from 
these figures that the efficiency of reflection at ^X for Cu K. is about twice 
that for X, it is impossible to predict with any confidence the efficiency for ^X 
for molybdenum rays; nor could the measurements bo corned down to this 
wave-length, as no X-ray tube was available with a suitable anticathode 
Failmg other evidence, we have therefore assumed that the efficiency for 
Mo E. radiation is the same at ^X as at X, t e, that the fall m Q, in the formula 

^2= as X and 0 dimmish will be compensated by the dimmutiou m p 

* ‘ Phil. Mag vol. 41. p. 822 (1021) 
t ‘ Phys. Rev vol. 10, p W (1917) 
t ‘ Phys. Revv<d 43, p. 696 (1933). 
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Even if this assumption is far from the truth, the resulting error in the final 
measurements should not exceed about J%. 

In makmg this analysis, the difference in the absorption of the gas in the 
ionization chamber for the different wave-lengths must not bo forgotten , but 
any error caused by incomplete absorption in the chamber is self-correcting, as 
it applies equally well to the main beam measurements with the anthracene 
crystals 

Section C —General Procedure 

The measurements were conducted as follows, a senes of anthracene 
crystals was selected ; the crystals employed m this research wen* all grown 
from amyl acetate solution They were weighed and then mounted with 
shellac on fine glass fibres The monochromator was adjusted to give the 
most intense and umform beam possible, a fine pinhole was mounted on the 
mechamcal stage and the uniformity of the field m the neighbourhood of the 
crystal was explored The ratios of the resistances in the amplifier were 
determmed if necessary The experimental crystal was placed in position 
and the (001) refiection located A calibrated aperture of smtable size was 
adjusted to occupy the same position os the crystal, which was removed, 
this adjustment was made easier by the use of a bnlbantly illuminated white 
strip attached to the monochromator slit, which could be viewed through 
the aperture The power of the X-ray tube was chosen to give a suitable 
maximum deflection, and the tube was run until conditions became quite 
steady Then the defl(>otion given by the “ main beam ” passing through the 
aperture (the crystal being removed) was recorded several times, as was the 
reflection curve of the crystal (the aperture being removed), usmg the recording 
device which has been described, and altering the resistances or the galvano¬ 
meter shunt as nught be necessary Finally, the area under the recorded 
curves was measured with a plammeter 

The mam beam deflection when the aperture was in position was not of 
course perfectly steady, owing to various disturbances and (with the weaker 
beams) the probability fluctuations of the number of fast electrons liberated 
in the ionization chamber by the X-rays. The effects produced by an alpha- 
particle were usually clearly distinguishable, and were not recorded. To secure 
a proper time-average of these fluctuations, the roller carrymg the paper was 
slowly turned while the galvanometer spot was followed with a pencil; then 
on the record afterwards the average could bo made by eye or with a plammeter 
if the fluctuations were extreme A typical experimental record—actually 
the reflection curve of a small diamond which was used as a comparison 



The Rejlectum of X-Rays from Anthracene Crystals. 433 


standard—is sliown in fig 4 Here the mam beam has been measured three 
times and the reflection twice. 

A usual difficulty of all careful measurements m crystal analysis is where 
to estimate the buckgroimd—here, where to draw the base hne of the curves 
A, B of fig 4 Fortunately owmg to the highly monochromatic radiation 
used this 13 not a senous difficulty with a good crystal Several of the anthia- 
cene crystals tried were, however, so bad (t e , they reflected over so large an 



I POSITION OF C RYSTAL ~ 

FlO 4 —A typical record Diamond crystal X — 0 709 A., area A — 12 45 oq. cm.. 

B - 12 00 sq cm,; length C = 10 67 cm , D ^ 10 62 cm . E = 10 76 om 

angular range) that base Imcs could not be drawn accurately Consequently 
measurements on these crystals were abandoned A representative series 
of reflection curves of the (001) planes from some of the crystals which were 
used IS given in flg 6, the same angular scale being used throughout, their 
complicated and impeHcct structure may be compared with the curve shown 
by the comparison diamond, which shows the and a, separated. Further 
reference will be made to those curves, which were taken m a nearly parallel 
X-ray beam for the purpose of evaluating the extinction corrections for the 
crystals (cf. next section) 

The results of those measurements which were considered reliable are shown 
on the graphs, figs, 6 and 7, for the two wave-lengths employed. They repre¬ 
sent, plotted against the weight of the cr 3 iBtal, the fraction of the incident 
radiation per umt area per second which the crystal would reflect from the 




434 


B. W. Robinson. 


(001) planes if turned at 1 radian per second thron(;li the reflecting position. 
In these graphs a corrccl^on has been applied for absorption and extinction 
by the method to bo desenbed m the next section, allowance has also been 
made for the non-monochromatism of the beam. 

It will be seen that the proportionality between weight and integrated 
reflection is qmte good for the smaller crystals, but with the larger crystals 
discrepancies appear which are presumably due to the inadequate operation 
of the correction factor for the absorption m the crjrstal It should perliaps 




5C«LE or ocutrri 
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Fio 5.—^Refleotimi curves of yanons anthracene oiystak. 


be emphasised that each pomt plotted on these graphs represents the average 
of several measurements on that crystal, each of several possible (001) reflec¬ 
tions, always mutually consistent to a far greater degree than is mdicated 
by the “ scatter ” of those pomts on the graph. The previous measurements 
of Sur William Bragg* led him to conclude that usmg rhodium radiation the 
reflection from anthracene crystals is proportional to their weight over qmte 
a large range , those figures show that for intensity measurements with longer 
wavo-lengths crystals not much larger than 1/10 milligram should be used. 


‘ Proc Phyfc 8oo./ yol. 88, p. 304 (1921). 
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Section D —Correebm for Absorption and Extinction, 

The fundamental formula = Q(fV is only applicable without modi¬ 
fication if we can assume tliat all the dificactmg atoms are exposed to a radiation 




field of the same intensity. This is not permissible m practice, even for a very 
small crystal. The X-ray beam m traversmg the crystal loses energy m two 
ways : (1), which we shall refer to as “ absorption,” from photo-electnc emission 
and non-ooherent scattering, which is a purely volume effect mdependent 
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of the precise onentation of the cr 3 nstsl; and (2), which we shall refer to as 
“ extinction,” from the coherent reflection from the crystal lattice which is 
only appreciable in certam oncntations of the crystal Darwin, in a well- 
known papi'r*. divides the extinction into two parts, the primary extmotion, 
% e , the loss withm a perfect micro-crystalline block, docs not seem ever to 
have yielded to experiment, the effects of secondary extinction, » e , the 
shielding of lower blocks by the reflection of X-rays from the blocks lying 
above them, have several times been successfully overcome 
The normal absorption of X-rays in a crystal can be easily found, either by 
direct measurement or by calculation from the known absorption coefficients 
of the component atoms On tummg the crystal through the reflci ting position, 
a sudden mcrease of absorption is apparent at the reflecting angle, and it 
might at first sight bo thought that a measurement of this increased absorption 
coefficient, together with a knowledge of the geometneal shape of the crystal, 
would make possible a calculation of the complete cfftHits of absorption plus 
extinction for that crystal This is not so, however, since the measurement 
can never be made with truly parallel X-rays Only part of the slightly 
divergent beam employed traverses the crystal at the reflecting angle, and the 
derived figure for the total effective absorption coefficient is too low 

A separate correction for extinction has been made m these cxpiTiments m 
the following manner — 

The effect of primary extinction has been neglected, it being assumed that 
m so soft and imperfect a crystal as anthracene those component blocks or 
units which may be regarded as perfect crystals arc small enough to make the 
effect inappreciable Now let e be the average volume of these blocks, and 
takmg some arbitrary reference direction m the crystal let f{Q)dQ bo the 
number of blocks, m any particular crystal, which have their planes withm 
d6 of some angle 0 measured from this direction. Then we may draw a graph, 
fig 8, showmg the angular distribution of blocks m the crystal, if the volume 
of the crystal is V, the area under the graph is 

j*/(e)d0 = v/c. 

the total number of blocks Now let us make the further assumption, which is 
justified by theory,f that each little block has a reflection curve similar to 
that of fig. 9, »e., it reflects uniformly over a small angle 1/a radians, 1/a 

*Loe.ea, 1922. 

t Compton, “ X-iays and Eleotroas,” p. 140 (1026). 
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being very small compared, for example, with the angular spread of the blocks 
m the crystal Each such block would give an integrated reflection of Qc, 
t« , if allowed to remam stationary m its reflecting position it would reflect a 
fraction Qoa of the radiation per unit area to which it was exposed 



Now consider the path of a beam of X-rays traversing the crystal at the 
angle 0 with the reference direction In unit element of path, length dx, it 

meets with a number dx of blocks having their planes lying within 

the angle 1/a of 6, t e , lymg in a position to n‘flect, and each such block in 
Intensity 


Fia 9. 

a field of umt intensity will reflect away an amount Qoa The total loss from 

Oc 

the beam m this element of path is therefore dx . ^/(0), leading to a value 

of the extmetion coefficient due to this cause of /(6) . Q = w, say. 

But m this expression/(O) is the ordinate and V/o is the area of the curve of 
fig. 8, we can therefore deduce the correct eztmctioa coefficient for any value 
of 6, i.e., for any orientation of the crystal, by dividing the corresponding 
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ordinate of fig 8 by the area of the curve, t.e., by recalibrating the vertical 
axis. Wo have implicitly aasumed in the above that the curve is drawn to a 
horizontal scale of 1 radian = 1 umt 

We can however draw another curve for the same crystal, fig 10, the curve 
of reflected intensity against angular position, the crystal being supposed to 
be rotated m a parallel beam of X-rays If now we may assume that the 
effective length of path I traversed by the X-rays m the crystal is known, we 
may for any ordinate of fig 10 read off the corresponding extmction coefficient 
m from fig. 8, divide the ordmate by e""', and replot the ordinate; leadmg 
to a new graph shown dotted m fig 10 which represents os a function of angle 
the intensity which would have been reflected by the crystal hail extinction 



not been present The area under this dotted curve is thus the total integrated 
reflection, and the ratio of the onginal area of fig 10 to this new area is the 
required correction factor which must be apphed to the measured values of 
total reflection to correct them for the effects of extinction. 

Now as to the practical realization of this correction factor. The graph of 
fig 8 IS not available to us, that of fig. 10 is, however, siiico we can plot 
experimentally the reflection curve of the crystal m a sensibly parallel beam of 
X-iays—parallel, that is, m companson with the angular width of figs. 8 and 
10. The corrected curve of fig. 10 should, however, be identical, except for its 
(arbitrary) vertical scale, with fig. 8, for presumably at any angular position 
of the ciystal the number of blocks which are in a position to reflect, fig. 8, is 
proportional to the mtensity, corrected for extmction, which actually is reflected, 
fig. 10. The difference between the dotted and the fall curves of fig. 10 is, 
however, not great m practice for a small crystal; and to a first approximation 
this full curve—the experimental curve of reflection—may be r^arded as a 
substitute for the curve of fig. 8. If we carry out the oalculataon as outlined 
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above with this curve, then our result will be an approximation to the required 
answer; if we repeat the process with the new curve, our answer will be still 
nearer; and so by this successive approximation we can approach tlic desired 
result—^tho proper correction factor for extinction in the crystal -to any 
required accuracy. 

The actual process of calculation is not os alarming as this description might 
suggest, since for anthracene the extinction factors, even for the best crystals, 
are quite small Let y^, y^, y^. be equally spaceil ordinates of the experi¬ 
mental curve, the distance between them being 1/6 Then if A m the area 

under this curve, A = ^ ily 

The ordmates of the corrected curve, Y^, Yj, Y^, , will lx* obtained by 

multipljnng the y’s by e”*' where /a is the appropriate extinction factor and I 
the effective path through the crystal Let us now for the moment assume 
that the experimental curve is also the/(0) — 0 curve of fig G In this case wi 
equals Q tunes the ordinate divided by the area of the curve, le , m - QylA. 

Also if wd 18 less than I/IO, as was found always to be so for the crystals 
measured, then we can with an error of less than write 

e** = 1 -|- »d ^ 1 + ^ V 

A 

The new ordmate Y therefore equals 

i-f 

and clearly the fractional increase of area of the redrawn curve will bo 

If therefore we list the y'a and sum their squares, multiplication by the appro¬ 
priate constants, mvolvmg the area (most simply found as the sum of the y’e), 
will give the extmctioa correction for the crystal. As has been suggested, a 
smgle apphcation of this process was usually enough to give the oorrection to 
the required accuracy. The corrections for the normal absorption m the 
crystal were made separately , they were of a different order of importance, 
as will bo seen from the table on p. 443. 

There are two possible objections to this process which require further dis¬ 
cussion. The first u whetiier the phrase “ effective length ” of path of X-rays 
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m the ciystal has any meaning It is of course true that the various diffracted 
ra 5 r 8 do not traverse the same lengths of path , also a complete analysis of 
the problem would certainly average c"*' rather than tri itself, if any average 
were taken at all, nevertheless, owing to the shape of the crystals and the 
small value of the reflection angles concerned (about 5° for X = 1 539 A) 
a good approximation can be made graphically The crystals are usually 
in shape of flat six-sidcd tables, fairly thick in relation to their width; 
and it IS clear that the majonty of the rays reflected from such a crystal at 
small glancmg angles from the mam fate will traverse the same thickness of 
crystal The estimation of the mean path was made m the following way, 
a careful picture of each crystal was drawn, and dimensioned by means of a 
microscope with eyepiece scale On squared 
paper to a much magiiifietl scale a senes of 
cross-sections of the crystal by horizontal planes 
perpendicular to the axis of nitation was drawn, 
equally spaccil vertically, and on each of these 
cross-sections a number of possible paths for 
the X-rays was plotted at close regular intervals 
Owing to the favourable shape of most of the 
cross-sections it was not a great task to draw up 
for each crystal a list of perhajw .5(K) representa¬ 
tive paths, and to average them with sufficient 
accuracy An attempt to represent this process 
IS given in fig 11, where a typical anthracene 
crystal is drawn, also its cross-sections by five 
equally spaced horizontal planes, the path of a 
diffracted ray for X -- I *5.39 A bemg indicated 
The next objection which may be raised is 
that whereas these calculations are performed 
on curves measured with nearly parallel X-rays, 
fig 10, in the actual experiments m which the absolute reflections were measured 
beams of considerably greater divergence were used (a practical necessity fi»m 
ihe point of view of intensity). This objection is immaterial, smee we may regard 
each experimental curve obtained m divergent radiation as the result of super¬ 
posing, with slight angular shifts, many curves each simil ar and belongmg to 
some particular nearly parallel radiation beam If we imagine the above 
correction applied to each of these component curves, the total area of the 
corrected components would obviously not differ from the result of applymg 
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the correction factor m one step to the area of the original divergent curve, 
which IS what we have proposed. 

We may now recapitulate the steps necessary for the evaluation of the extinc¬ 
tion correction for each crystal as follows 

(o) the crystals wore mapped and the mean paths through them determined 
as outhned above; 

(6) the normal linear absorption of anthracene for the two wave-lengths 
used was measured For this purpose a monochromatic beam defined by a fine 
pinhole was passed through several crystals, usually normal to the (001) planes, 
the crystals being selected as having parallel sides and an easily measurable 
thickness The absorption of each crystal was measured usmg the iomzation 
chamber In addition to the crystals, several small blocks of anthracene, 
made by compressing the powdered substance m a powerful hydraulic press, 
were measured. After the measurements, the densities of the materials were 
determined, using the method of flotation, with the results given in Table I. 


Table 1.—Density of Crystals 




Crystal— 
No 1 
No 2 
No 3 
No 4 
No 5 
No « 
Block- 
No. 1 
No 2 
No 3 


1 205 
1 202 
1 206 
1 226 
1 237 
1 235 

1 247 
1 230 
1 246 


Crystals 1 to 3 were rather opaque large crystals such as would not have been 
chosen for intensity measurements, but their geometrical shape was suited 
to the present purpose. Numbers 4 and 5 were very thin and perfectly trans¬ 
parent flakes; number 6 was a remarkably perfect crystal of large size. The 
theoretical density of anthracene (from X-ray data) is 1*268 ; it will be seen 
that the compressed blocks approach this value more dosely than any of the 
natural specimens. As the crystals used in the mtensity measurements were 
all picked for transparency and perfection of faces m the first instanoe, it was 
considered probable that tho group Nos. 4 to 6 above most nearly resembled 
them on the average; the absorptions were therefine corrected to a mean 

2 a 


you ozLn.—A. 
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density of 1 233, the average of these three crystals. The final values obtained 
and used in the subsequent calculations were .— 

Absorption coefficient per millimetre, X — 0 709 A , p = 0 081, 

X = 1-639 A, p = 0-603 

It is interesting to compare these values with the values found by calculation 
from the tables of absorption coefficients, though these tables do not seem to 
be very consistent as regards the bghter elements. Thus the International 
Critical Tables give for Cu K., p/p = 4*90for carbon and no value for hydrogen, 
for Mo E. either 0-63 or 0-66 for carbon, and 0-401 for hydrogen, whereas 
the new International Tables* of crystal structure constants, now in the course 
of preparation, give for Cu K„ p/p = 6-60 for carbon, for Mo K, 0*70 for 
carbon, the values for hydrogen being apparently about 0-16 m either case 
Adopting these latter values we get p = 0-660 and 0*092 for molybdenum 
and copper radiation respectively, for anthracene of density 1 233, while 
if we take the lowest of the values, of the International Critical Tables we get 
values 0-697 and 0-067 (all expressed per nullunetrc) Our experimental 
values he within these limits for the molybdenum value, but are decidedly low 
for the copper radiation 

(c) As the next step, the reflection curve of each crystal m turn was deter¬ 
mined, usmg nearly parallel X-rays. The molybdenum tube was used with a 
zircomum filter, and situated about 220 cm. ficom the crystals, a slit close to 
the target limited the divergence of the beam, which did not exceed mmutes 
of arc for the largest crystals. Fig. 5 gives a senes of the curves thus obtained , 
the diamond comparison crystal shows the separation of the alpha-doublet, 
but no attempt was made to allow for the presence of those two wave-lengths 
in the “ monochromatic ” radiation, for as will be seen even the best of the 
anthracene crystals gave reflection curves extending over a much wider angular 
range than this. 

(d) Finally, senes of ordinates to these reflection curves were measured off, 
and the calculation of the correction factor was made, as has been already 
oudmed. 

In Table II is given a list of all fhe crystals, measurements from which 
were mcorporated in the final results. Combined with the curves of fig. 6, 
this list will show that the range both of size and of crystal “ goodness ” is 

* 1 have to thank Dr. Lonsdale for aooess to the {woofs of these tables. The referenoee 
these given an Jonseoii. ** Dusertatioa Upsala” (1928), and Walter,' Fortsoh. Rontgeostr..’ 
voL SS, pp. 929. 1308 (1027) 
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considerable The separate correction fisctors for absorption and for extinction 
are listed; it will be seen that extinction plays but a small part in the final 
result. 


Table 11 —Constants of Anthracene Crystals 


Name 

^Path 

Weight 

(mg.). 

Correotion laoton, 

A —1*539 A. 


Corrootion factors, 

A =■ 0 7097 A 

Ea/L 

crystal. 

Extinction 

Aheotption 

|ew/L 

1 Extinction. 

Abeorption. 



0 307 

0 044 

0 966 

0 857 

0 237 

0 090 

0 977 

0 65 


0 431 

0 064 

0 981 

0 805 

0 322 

0 995 

0 068 


T 

0 465 

0 090 

0 956 

0 791 

0 516 

0 989 

0*965 

1*45 

e 

0 422 

0 099 

0 969 

0 819 


0 091 

0 068 

1 29 

L 

0 478 

0 104 

0 958 

0 704 


0*989 

0 964 

1 30 

U 

U 412 

0 124 

0 985 

0 813 

0 706 

0 995 

0 969 

1*80 

{ 

0 395 

U 146 

0 9H0 

0 819 

0 797 

0 985 

0 070 


KK 

0 325 

0 151 

0 972 

0 849 

0 846 

: 0 993 

0 976 

2*40 


0 550 

0 199 

0 952 

0 758 

1 212 

0 987 

0 050 

2 80 


0 557 

0 212 

0 945 

0 769 


0 986 

0 90S 

2 89 

0 432 

0 218 

0 936 

0 805 

1 221 

0 983 

0 068 

3 30 

BB 

0 5B8 

0 265 

0 947 

0 740 

1 703 

0 986 

0*056 

3 60 

CC 

1123 

0*288 

0 960 

0 568 

2 004 

0 989 

0 018 

3 48 


1 507 

0 289 

0 973 

0 787 


1 0 903 

0*002 

4 42 

0 

1 674 

0 303 

0 964 

0*763 


0 091 

0 057 

4*43 


1 732 

0 308 

0 962 

0 692 

1*58 

0 987 

0 048 

3 07 

AA 

1 637 

0*397 

0 980 

0 726 

2 04 

0 995 

0 053 

5 18 

« 

1 013 

0 482 

0 943 

0 600 

2 90 

0 084 

0 020 

6*74 


Section E —Ducussum of ResuUa. 

The figures of Table II are represented on the graphs, figs. 6 and 7. In 
computing a mean value for Ea>/I, it was decided to give equal weights to the 
observations made with each crystal, x.e., to take a simple average of the 
results for Ete/I per milligram for each crystal. The reason for this was that 
though the measurements with the larger crystals are likely to be more accurate 
owing to the greater mtensity available, with the smaller crystals the extinction 
correction—probably the chief source of error—is proportionately smaller. 
The average values (mdicatcd by the straight lines on the graphs) are:— 

E«/I per Tnilligram = (6-61 ± 0*106) X 10~* for X = 1*639 A. 

B«/I per milligram = (1*392 ± 0*020) x lO"* for X = 0*709 A. 

The plus and minns signs indicate the probable error evaluated by the ordinary 
least squares formula. It is interesting to note that the values obtained by 
allotting to the measurements on each crystal a weight proportional to the 
mass of the crystal are almost identical with those above. 
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Returning now to the onginal formula 

I i JMC* I 2 8m 20 

and taking — =2 81fi X 10~“, and for anthracene, a = 8-58, fc = 6-02, 

>MC* 

c = 11-18, p = 128®, and density = 1-268, we find 

Q = 7-582 F* X 10-« for X = 1-639 A. 
and 

Q = 1-630 F*x 10-0 for X = 0-709 A. 

and hence finally 

F = 30 50 ±0-29 for X = 1-639 A. 

F = 32-76 ±0-23 for X = 0-709 A. 

In this calculation N, the number of scattenng units, was taken as the inverse 
of the volume of the unit cell, t e, the “ F ” above refers to the contents of 
the unit cell, and is comparable with the values quoted by Robertson (foe. ci<). 

The quantity F, the structure factor, is not, of course, a function of wave¬ 
length according to the picture of the crystal commonly used m structure 
analysis, it is a geometrical function of the mean positions of the atoms, and 
IS presumably independent of the particular radiation with which we view 
them. If we may assume that the above figures are free &om systematic 
ezior, then a real discrepancy appears, the chances are for example over 
400 to 1 against both of the true experimental values for F diFering from those 
quoted by as much as three times the probable error, and even this unlikely 
event would not suffice to bnng the values into comcidence. There are, 
however, several ways m which error might have affected the results, leading 
to a systematic difference between the copper and the molybdenum values. 
These may be summarised as follows:— 

(a) If the copper “ monochromatio ” beam were non-homogeneous to a much 
greater extent than has been assumed, the difference would be explained. 
Particular attenfacm has, however, been paid to this point (of. Section 

B). 

{b) If the extinctiaa, but more particolariy the absorption, correction were 
inooirectiy applied the valnes with ooppar radiation would be consider- 
aUy altered. As Table 11 shows, very large oorreotums for absorption 
are neoessaiy for some of the crystals, and a choice of a higher valoe 
for the Imear absorption coefficient might remove the difference between 
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the results A rough calculation shows that a value of (i. —0*74 
per millimetre for copper radiation would bring about an approximate 
agreement, the ezpenmentally found value was 0*50, and as we have 
already seen there is no justification based on the published values of n// 
for a figure higher than 0-66 

(c) Wo have entirely neglected primary cxtuiction m our calculations and 
corrections , possibly its ofiocts are manifest in this difference between 
the F values 

(d) A further possibility is that the effective size of the apertures used in 

the measurements is different with the different radiations owing, for 
example, to penetration of the edge of the aperture, or considerable 
scattermg firom this edge which might differ m the two cases A short 
calculation, knowmg the absorption coefficient of platmum and the 
approximate profile of the edge of the aperture, shows that penetration 
can have no appreciable influence, and it is difficult to see how any 
scattering effect could acconnt for as much as the necessary difference 
of abont 14% Further evidence was given from the fact that the 
ratios of the effective areas of the four apertures used were the same, 
whether measured with soft radiation (tube potential not exceeding 
8 kilovolts), or with qmte hanl radiation (tube potential 35 kilovolts, 
and radiation filtered through 2 mm. of aluminium). 

If on the other hand we admit that satisffictory corrections have been made 
for systematic error, and that there is a genume difference between the F 
values as detemimed with radiations of different wave-length, fundamental 
issues are raised. It is as if the hills and valleys of electron-density which 
we see by the light of X = 1 - 539 A m Bobertson’s contours would look slightly 
different by the light of X — 0-709 A —as mdeed an actual landscape gives a 
different photograph on the modern infra-red plates It does not seem that 
theoretical writers have paid much attention to the problem of crystal reflection 
from the quantum mechames standpoint, the general treatments of Wentzel 
and Waller* lead to expressions for the coherent radiation scattered from a 
sing le atom which are identical with the classical Thomson formula, and 
hence should lead to the same formula as that which we have used here for the 
total intensity for a small crystal. 

* Wentsel, * Z. Pliysik,' vol. 43, pp. 1, 770 (1927), Waller, ‘ Phil. Mag,' vo] 4, p. 1228 
(1027). 
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It 18 , I think, impossible to admit this difference without further experi¬ 
mental work designed (a) to make the application of the extinction and 
absorption corrections more certain, as indicated by the “ scatter ” of the values 
for each crystal round the mean, untd this scatter is reduced to the general 
level of experimental accuracy (say a variation of 1 or 2 per cent.) it is after 
all certam that these corrections have been unsatisfactorily applied, our 
fundamental formula states defimtely that the total reflection from a crystal 
18 proportional to its weight, whatever is the value of F And (b) to determine 
the value of F at some wave-length other than those used here. Good agreement 
has been found between the F values for rock-salt measured with rhodium and 
with molybdenum characteristic radiation* ; but m these expenments the 
wave-length mterval is hardly sufficient to show up a small variation if it 
exists. In the expenments of Wyckoftf F is found to vary near an absorption 
limit, but no such limit is concerned here Further measurements will not 
be easy, smce there is no suitable target matenal available between the wave¬ 
lengths X = 1'639A and X = 0*709 A., while for greater wave-lengths the 
error due to misapplication of the absorption correction becomes large Never¬ 
theless, the problem seems an important one worth pursuing, if the difficulties 
can be satisfactorily overcome Meanwhile the value for P (001) for anthra¬ 
cene = 32*8, taken with the molybdenum rays, should be qmte reliable enough 
for the standardization of the majority of intensity measurements m organio 
crystal structure analysis 

My thanlfH are due to the Managers of the Royal Institution and to Sir 
William Bragg for the facilities afforded me for the carrying out of the work 
hero described; to my follow-workers m the Davy-Faraday Laboratory for 
much helpful discussion and cntimsm, and to Mr. Ralph Dawton m particular, 
who has been responsible m many ways for experimental improvements and 
for the confirmation of results contained m this paper. 

Summary 

The absolute intensity of reflection of X-rays from anthracene crystals for 
the (001) planes has been measured for two wave-lengths (X = 1*539 A. and 
X -= 0*709 A.), using small crystals up to 0*5 mg. in weight, bathed in a uniform 
monochromatic beam. The mtensity measurements were made with a record¬ 
ing ionization spectrometer using valve amplification, which is descnbed. 

* Bragg, James and Bosaaquet, loe. aL, and ‘ Phil. Mag,’ vol. 42, p. 1 (1922) | James 
and Slrth, ‘ Froo. Roy. Soo.,’ A, voL 117, p. 62 (1927). 

t • Phys, Rev.,’ vol. 38, p. 1116 (1931). 



Energy Exchange between Qaa Atoms and Solid Surface. 447 

Errors doe to non-monochromatism of the beam and to extinction and absoip- 
tion in the cryetal are mvestigated, and a method of applying the extmction 
correction to small crystals is developed. The final values of the structure 
factor F for the (001) planes are 30*6 and 32*8 respectively for the two radia¬ 
tions ; and the significance, if any, of this difference is discussed. The values 
found may be used for the determination by comparison of absolute values 
for other orgamc crystals, thus avoiding the labour of makmg absolute measure¬ 
ments afiresh m each case 


Exchange of Energy between Inert Gas Atoms and a Solid Surface. 

By J. M. Jackson, Department of Mathematics, University of Manchester, 
and A. Howabth, Department of Mathematics, Mumcipal College of 
Technology, Manchester 

(Commumoated by D R Ilartree, F B S -—Received June 7, 1933 ) 

§ 1. JTtdfoducJion.-—When a gas and a solid surface exchange energy, the 
transfer of energy fixim the one to the other is determined by the magnitude 
of the thermal accommodation coefficient a If a group of gas atoms with 
mean energy corresponding to the temperature T| are mcident on a sohd 
surface at temperature Tj, the gas atoms, after collision with the surface, will 
have mean energy correspondmg to the temperature T'„ where T', lies between 
Ti and T,. The accommodation coefficient a is then defined by the limiimg 
process 

« = L.mT._T.-.T (T', - T,)/(Ti - TJ. 

According to this definition « depends only on the nature of the gas and sohd 
atoms, their interaction and the temperature T 

A theory of the accommodation coefficient has been given by one of usf 
for two types of mteraction between the gas and the sohd, (i) the potential 
energy of the gas atom when outside the surface of the solid is zero and when 
inside the surface it is C, a constant, (u) the potential energy at a normal 
distance y from the surface is Ce~“*. Both these theories ignore any possible 
effects of the lattice structure of the solid. It was also assumed that the thermal 
oscillations of the sohd atoms were all of the same frequency, as m Einstein’s 

t Jackson. * Proo. Camb. Hul. Soo.,’ vol. 28, p. 136 (1932); Jackson and Mott, ‘ Froo. 
Boy. Soo.,’ A. vol. 137, p. 708 (1932). 
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theory of the specific heat of solids. The first of these two potential fields 
was fairly successfid m explaining the experimental results of Bobertsf for 
the accommodation coefficient of helium on a clean surface of tungsten, whilst 
the second gave good agreement with experiment for the value of the 
exponential index 

a = 9.10" cm 


The object of the present paper is to examme the modifications produced 
in the theory by removing the restriction that all the solid atoms should oscil¬ 
late with the same frequency, and to obtam the average accommodation 
coefficient of the solid for its normal modes of vibration It is found that good 
agreement with the experiments of Roberta can be obtamed, provided we 
choose the value of the exponential mdex a to be 4.10" cm 
§ 2 Cftktdatum of the Average Value of the Thermal Accommodatvm Coeffiment 
wKr the Normal Modes of the Solid —^The solid will be treated ideally as a 
simple cubic crystal contaiiung N atoms, and therefore with 3N normal modes 
of vibration As N becomes very large the frequency spectrum of normal 
modes} tends to become continuous, 

/ (v) dv = 3Fv* dv F, constant, (1) 

bemg tile number of normal modes lying withm the range dv about the 
frequency v. If all the solid atoms were oscillating in a particular normal mode 
of frequency v, the exchange of energy and the accommodation coefficient 
«(v) might be calculated as in the simple theory m which thermal oscdlations 
of only one frequency were considered. The chance that the sohd is oscillating 
in a particular normal mode of frequency lying between v and v -j- dv is 



The average accommodation coefficient a can therefore be written as 
«= |^"~v*a(v)dv, 

where the upper limit v„ of the frequency range is chosen so that 


-r 




•f * Proo, Roy. 8oo.,’ A, vol. 129, p. 146 (1930) i vol, 136, p. 198 (1932). 
f Bom, “ Atomtheone des festen Zostsodes,” p. 667. 
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as in D ebye’sf theory of the specific heat of solids v,*is the Debye frequency 
of the solid, determined from specific heat data or otherwise The average 
thermal accommodation coefficient can therefore be written as 

a =^|^"'v*a(v)dv (2) 

The average accommodation coefficient per atom of the solid will be three 
times the above result, since if there are N atoms in the solid there are 3N 
normal modes The average accommodation coefficient which has been 
calculated m this paper is the average over the normal modes (as m equation 
<2)) By changmg the variable of integration in (2) we may write it in the 
more couvement form 

a = I 0 ® a(0) do, where 6 = Av/il. (3) 

0® Jo 

0 is the Debye characteristic temperature of the solid This method of 
averaging the accommodation coefficient over the normal modes of the solid 
is legitimate provided we can show that the exchange of energy between the 
gas atom and the solid takes place as if the gas atom exchanged energy with 
a particular normal mode independently of its energy exchange with the 
other normal modes. 

§ 3. Independence of the ProbaJbditiee of Energy Exchange north the dxfferent 
Normal Modes of the Solid. —The Hamiltonian of the whole system gas atom 
and crystal may be wntten 

H = is, L MU,‘- - iS„. S H- S, O (r# - r‘) (4) 

The notation is that of Bom{ and Waller § M is the mass of an atom of the 
crystal and m that of a gas atom S, denotes a summation over the lattice 
pomts I of the crystal; I is short for I,, 1^ The displacement of the lattice 
point I from its equilibrium position is the vector u‘, components u^',Uy,uJ 
Taking the potential energy of the crystal to be zero when the atoms are in 
their equihbnum positions, the second term represents the potential energy 
of the crystal when the displacements of the lattice pomts are u‘. 
depends on the the law of force between the solid atoms. The position vector 
of the gas atom referred to the same set of axes as we use for the crystal is r, 

t Bora, loo. eU., p. 640. 

( ** AtonUiheorie.” 

I “ Uppsala Umvemtets JLrskrift," voL 2 (1025). 
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and 8| <D (r, — r') is the potential ene^ of the gas atom m the field of foice 
of the crystal atoms. 

If we mtroduce the normal co-ordinates of the crystal lattice by means 
the Imear transformation 

u* = S UMQ<, (6) 

t-i 

where the components U,'‘, U,‘*, of the vectors U" satisfy the relations 

3\ 

and 

Vf IS the firequency of the tth normal mode, the first two terms of (4), vis , 
the Hamiltonian of the crystal becomes 

H. = i £ MQ,* + 2rr» 2 Mv,» Q,» 

and we may wnte (4) in the form 

H = S JM (Q,* + 47^,*) + Jmr,* S, <I> (r, - (la)) 

-f 5^ QAU“. grad (r* - (la)) + (6) 

In this expression the potential energy of the gas atom m the field of the crystal 
has been expanded as a Taylor senes in terms of the displacement components 
of the crystal atoms and these displacement components have m turn been 
replaced in terms of the normal co-ordinates of the crystal lattice defined m 
(5). Only the first two terms of the Taylor senes have been taken m (6). 
This will be sufficiently accurate for a first order perturbation theory provided 
that the crystal is not too hot. The last term in (6) is the interaction energy 
between the gas and the solid. 

The wave equation for the problem is therefore 

[ - ra I. S.+1. 

+ S QAU».gradO(r^-(fa))-f A|Jy = 0. (7) 
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Ignoring tiie interaction energy thin wave equation is separable and the zero 
order approximation wave functions may therefore be wntten 


'1^0= n 




( 8 ) 


where (Q^) are the usual oscillator wave functions, corresponding to the 
normal co-ordinate Q, and the normal mode of frequency v^, and x* w the wave 
function of the gas atom m the field of force of the crystal, the solid atoms 
being in their equilibrium positions Each of these wave functions is normalized 
to unity 

The transition probability per collision that the system changes ficom a state 
specified by the quantum numbers Wj, n,, , n,s to the state n\, n\, , n',* 

of the normal modes of the solid with a correspondmg change m the energy 
W, of the gas atom is obtamed by the vanation of parameters as m the simple 
theory given previously t The only alteration required is that the element 
B„"*, of the mteraction matrix must be replaced by the element where 

rii stands for the set of oscillator quantum numbers, n^, nj, njM 
3N ^ ^ C 3N 

B,-' 1 = nj dQ,^S Q,S,U« grad<I>(r,-(la))xw*^w,cfed!/(fo, (9) 

where the appropriate normalized wave functions are inserted in the product 
and where 3 .y 

W*, = W,H- S K-n',)Av, 


On account of the orthogonality of the oscillator wave functions the 

summation over j reduces to a single term and 

B„"'^ = j j S,U«. grad 0 (r, - (la)) xw^w, dx dy dz, 

the other quantum numbers n<, t ^ j, rcmaming unchanged. 

I u, however, just that mtegral which appears in the selection 

rule of the one-dimeosional OBCillator| and is zero unless n'^ = ± !• 

Out of the aggregate of quantum numbers specifying the state of the solid, 
only one, n^, can change at once, and to the degree of approximation con¬ 
sidered in riiis riieoiy it can only change to d: 1. Thus 

j grad <D (r, - (la)) xW^Zw, dxdydz. (10) 


t Jackson, loe,eU.,^ 14S-144. 

X Sommerfeld, “ Welkcmeohanuoher Eig ta in ng ibs n d,” p. 61. 
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The form of this result shows that the gas atom exhanges energy with the 
normal mode of frequency v, independently of the other normal modes. This 
approximation will be rahd provided tiiat the crystal is not too hot and the 
interaction energy between the gas and the solid is such that the first term in 
the Taylor senes represents the major portion of the mteractioa energy 
These conditions are satisfied in the expenmonts of Roberts and for the ex¬ 
ponential field for the mteraction energy which we must take to fit the experi¬ 
mental values. 

As we do not know the exact wave functions of a gas atom m the crystal 
potential field, but only the approximate wave functions for a one dimensional 
exponential field,f we have replaced the integral in (10) by the corresponding 
one involving the approximate wave functions The results obtained for the 
transition probabilities and therefore for the accommodation coefficient are 
the same as if all the atoms of the crystal were oscillating m the normal mode 
of frequency v^. The calculation of the average accommodation coefficient 
over the normal modes can therefore be made as in § 2 

§ 4 Numencal Results .—The theory has been compared with the expenments 
of Roberts on the temperature variation of the acoommodatiou coefficient 
of helium on a clean surface of tungsten. These results are 

296° K, a =* 0-067, 195° K, a = 0-046 , 79° K, a = 0-026. 


The accommodation coefficient for a particular normal mode of the crystal of 
frequencyl v is 






1 


BinhX(E + l)*8inhlE* e-'^dE 
j^cosh ^ (E -f 1)* — cosh ^ E*J* 


( 11 ) 


where y* = 32Tc*mAv/A* and p = Av/*T. The method used to calculate oi 
was to obtam a (v) as a function of T for a set of values of v and then to evaluate 
the mtegral for a in equation (2) numerically for various values of T. The 
calculations were made for two values of the exponential mdex a, viz., a = 9 
and 4 10* cm K The values of «(v) were obtained partly by nomencal 
integration and partly by an analytical method. It is found that the transition 


t Jackson and Mott, loe. cU, p. 709, equation (21) 
t Jackson and Blott, loe. oU., p. 713. 
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probabilities per oollisioiit are almost linear functions of the energy £, Pi(E) 
tending asymptotically to the straight Ime 

= + ( 12 ) 

for large values of the energy E For small values of v the mam contnbution 
to the integral m a (v) comes from large values of E where the above Imear 
approximation for (E) may bo used without serious error On the contrary 
for lai^e values of v the main contnbution to the integral comes from small 
values of E for which the use of the above Imear approximation is not justified 
In the former case 

* W ” 5 ' 

ishere >. (13) 

J 

The curves for 9 = Av/A = 61 25® K. were calculated from this result The 
curves for 0 = 102’6° and 153’fi® K. were obtamed by dividing the range of 
integration into two parts and evaluatmg the integral over the first part 
numencally and over the second analytically The curve for 0 == 206° K. was 
obtained entirely by numencal integration If we make v tend to zero m 
(13) we find that a (0) = * m/M , this is also the asjrmptotic value of a (v) 
when T becomes very large. The curves obteinod are shown in fig 1 in which 
a (6) IS shown as a function of T, the values of 0 bemg 51*26°, 102*6®, 163 5® 
and 206° K. and the value of a being 4 10® cm. The curves obtained with 
the exponential index a = 9 10® cm are similar to those shown in fig. 1 
but closer together. For a given value of T, a (v) decreases as v increases. This 
is because it is less probable for a gas atom of given energy to exchange energy 
in large quanta rather than in small quanta. That is, those solids with high 
charactenstio temperatures will give a low accommodation coefficient and 
therefore a large proportion of perfectly elastic reflection of gas atoms at the 
surface This result is confirmed quabtatively by the experiments of Ester- 
mann and Stem} on the molecular ray diffraction of hydrogen and helium. 
They found tiie mtensify of elastically reflected molecules of these gases was 
relatively greater from a crystal of lithium fluoride, 0 =a 440°, than from a 
crystal of sodium chloride, 0 = 234® K. 

t Jsoluon and Mott. loe. eU., equation (25.1) and fig. 8. 
t ‘ Z. Phyaik,’ to]. 61, p. 106 (1080). 
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The value of a was now calculated using equation (3) and the integral 
3 

— e*a (6) dQ was evaluated numerically using the curves shown in fig. 1. 
©* 'o 

The value of 0 was taken to be 205° K., it is the value of the characteristic 
temperature of tungsten as detenmned by Lmdemann’s melting-point formula 
The values of « found in this way for the two fields o = 4 and 9.10* cm. 



Fio 1.—^nie tempmtoTC variation of the thermal aooommodation coefi^ient for tungsten 
and hehom for vanons normal inodes of the solid. If the frequency of a normal mode 
is V, the eharaoteiiitio temperature for this normal mode u 0 = hv/k. The mter- 
aotion energy of the gas and solid is taken to be exponential ~ e-”* , the onrvee given 
here were oakmlsted for the value o = 4.10* om.-‘. 

are shown in fig 2 (curves 1 and 2). These two curves for x were fitted to the 
experimental curve at T = 206° K, by multiplying by suitable constant 
fiaotors, for, since the absolute value of the aooommodation coefiSoient is un- 
oertam owing to thoroughness of the sur&ce, and we have used theapprozunate 
one-dimensional wave fiinotiona instead of the exact three-dimensional wave 
functions, this will be the best way of comparing the theory with expenment. 
These fitted curves for a are mariced 3 and 4 m fig. 2. No account has been taken 
of two-quantum transitions; to the degree of approximation considered in 
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13 they are fotbidden. The effect of the attractive field of the solid has beea 
ignored. The method of inolnding thu has been given by one of usf elsewhere. 
It will not affect the results greatly. 

Oomparmg carves 3 and 4 in fig 2 with the experimental points, marked with 
s Gross, we see that the field a = 4 10* cm gives better agreement with expen- 
ment tiian the curve for a = 9 10* om.~* With the previous theory in which 



Temperature Tf 

Fia. 2 —^The tomperataro variation of the thermal aooommodation coefficient averaged 
over the normal modea of the solid. Tho interaction energy of the gas and the solid 
is taken to be exponential ~e-** Curve 1, a = 4.10* om, curve 2, a = 0.10* 
cm.-*; curve 3, a = 9.10* cm fitted to the experimental ourve at T =• 208' K , 
curve 4, a = 4.10* om.-*, fitted to the expenmentel curve at T « 206" K. 

only one normal mode of the solid was considered the reverse was the case. 
Thereductionof the value of the exponential index from 9 to 4.10* om.~^ is very 
satisfitetory, as the latter value is more in accord with the value we should 
expect from other sources. Slater^ gives the repulsive potential energy of a 
pair of helium atoms in the ground state as depending on the exponential 
index 4*6.10* cm.~^. An mvestigation by Bom and Mayor§ on the properties 
t Jackson, loo. at., p. 168. 
t • Phys. Rev.,’ voL 37, p. 696 (1931). 
i * Z. Physik,’ wd. 76, p. 1 (1932). 
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of the alkali halides, taking the intrinsic repulsiye fields to be exponential 
instead of inverse nth power fields, showed that the repulsive fields of the 
alkah halides were characterized by the exponential index 3.10^ On 

account of the relation of the alkalis and the halogens to the corresponding inert 
gases, we should expect that the intrinsic repulsive fields of the inert gases 
would be characterized by the same value of the exponential index. The 
value of the exponential mdex for helium suggested by the present theory of 
the accommodation coefficient is 4 10« cm This hes between the values 
of Bom and Slater. If the attractive field of the solid were mcluded it would 
result m a decreased curvature m curves 3 and 4 in fig. 2. This would mean 
that better agreement could be obtained by takmg a lesser value of the 
exponential mdex The difference would, however, not be large and it is 
probable that the value of the exponential mdex is not less than 3.10* cm.“*. 

Summary 

The theory of the thermal accommodation coefficient previously given by 
Jackson and Mott, for a one-dimensional exponential field is extended by 
averagmg over the normal modes of vibration of the sohd. Good agreement 
is obtained with the experiments of Roberts on temperature variation of the 
accommodation coefficient of hehum on tungsten for the value 4.10* cm.~^ 
of the exponential mdex a. This is of the same order of magnitude as that 
suggested by the work of Bom and Sister 
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A Comparison of the Catalytic ActivUy of Liquid and Solid Surfaces. 
The Decomposition of Methanol on Solid and Liquid Zinc. 

By £ W. R. Stkaoie and E M. Euum, Physical Chemistry Laboratory, McOill 
Umversity, Montreal. 

(Communioatcd by II T Barnes, F R 8 —Received June 1, 1933 ) 
Introdudum 

On account of its importance from the theoretical and practical standpoints, 
there has been a great deal of speculation regarding the nature of catalyst 
surfaces There is a considerable body of experimental evidence which has 
led to the assumption that catalyst sorfacea are not umformly active * The 
mam Imes of evideucn which have led to this conclusion are (a) the ease with 
which the activity of a catalyst is destroyed by heatmg , (6) the poisoning of 
catalysts by the adsorption of amounts of foreign materials which are not 
sufficient to cover more than a frraction of the surface , (c) the fact that heats 
of adsorption vary with the amount of matcnal adsorbed 

The above evidence makes it highly probable that in Hotne reactions on 
certain catalysts the surface is not uniformly active As a result a number 
of theories have been proposed which assign the activity of a solid catalyst 
to some one limited portion of the surface. The most important of these are 
the ongmal theory of Taylorf in which the “ active centres ’’ are identifiod 
with peaks or extra-lattice atoms on the surface, and that of Schwab^ which 
assigns the activity to crystal lioundaries and microcrystallme imperfections 

There is obviously no excuse for assigning the activity of cM catalysts in 
all reactions to some one specified portion of the surface Specific effects 
must come mto play in different cases, and hence the above theories, m addition 
to bemg entirely ad hoc, are also of limited apphcability. 

It was therefore considered to be of mterost to compare the smooth surface 
of a pure metal, which will nevertheless possess the normal number of im¬ 
perfections, crystal boundanes, etc., with a surface of the same metal which 
was free from all peaks, crystal boundanes, or imperfectaons. In the present 

* No bibbography is given hero since the subject has been frequently reviewed 8en 
especially the reports of the Committee on Contact Catalysis, and Schwab, “ Katalyse 
vom StaiH^iunkt der ohemisohen Kinetik,” Berlin, 1031. 

t ‘ Ptoo. Roy Soo ,’ A, voJ. 108, p. 106 (im), etc 

t ‘ Z. Elektroohem ,’ vol. 36, pp. 136, 878 (1929); ‘ Z. ^ys. Chem.,’ B, vol 1, p 385 
(1920); B, vol. 2, p. 202 (1020). 
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investigation this has been accomplished by companng the catalytic activity 
of pure zinc above and below its melting point 

If active centres come mto play m catalytic reactions on solid zme, it would 
natu-ally bo expected that there would be a sudden very large drop m activity 
at the melting point. The absence of such a drop would seem, on the other 
hand, to be a conclusive proof that the entire surface was uniformly active. 

As far as we are aware, there is only one reference m the literature which 
has any bearing on the present problem Hartman and Brown* have studied 
the hydrogenating activity of cadmium from the reduced oxalate and hydroxide 
Both catalysts give maximum yields at 319 6 ± 1“ C (cadmium melts at 
320 9°C.). The catalyst still retams its activity above the molting point 
A supportmg material is used, which appears to prolong the activity of the 
catalyst bj retarding the coalescence of the cadmium droplets There is no 
indication of any abrupt change in catalytic activity at the meltmg point No 
very d efini te conclusions can be drawn from this mvestigation, however, since 
the extent of the surface is not known, and the presence of the support is 
very objectionable 

Expmmental Mel/tod 

The experimental requirements of the problem are 

(1) a metal catalyst whose meltmg pomt is neither too low nor too high for 
the rate of the reaction to be measurable , 

(2) a reaction of a simple nature, whose products are not likely to mtroduoe 

complications, and whose velocity is moderate at the temperature 
at which the catalyst melts , 

(3) a reaction vessel, the walls of which will have no appreciable effect on 

the rate of reaction. 

The first requirement has been met by zinc It has a oonvement meltang 
pomt (420° G.). It may be obtamed m comparatively pure form, and may be 
purified still further tn sUu by distillation %n vaetto, and reduction with hydro¬ 
gen. 

The reaction chosen was the thermal decomposition of methyl alcohol This 
reaction may proceed either by dehydrogenation or by dehydratiomt In the 
first case, we have 

CH,OH = H, -f H CHO 
HCHO == H, + CO, 

• ‘ J. Phys. CW.,’ Tol. 34. p, 2BW (1030) 
t Sabatier, “ Catalysis m Organic (sieiiiistiy.'’ New York, 1022 
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in the second case 

2CH,OH = H,0 + CH,OCH, 

In general, zinc favours dehydrogenation, and dehydration is inappreciable 
In the present investigation, the reaction has been followed by the pressure 
change As only relative rates were required, no attention has been paid to 
the mechanism of the reaction 

The demand for an inert reaction vessel has been mot by Pyrex glass In 
preliminary blank trials it was found that no appreciable decomposition of 
methyl alcohol takes place in Pyrex vessels up to 600° C. Furthermore, on 
sohdification zmc does not adhere to the glass, and hence the metal may be 
melted and solidified without breaking the reaction vessel 

Apparatus 

The rates of reaction were followed by admitting the reactant, at a constant 
pressure of about 12 cm., to a heated Pyrex bulb, and observing the rate ot 
pressure increase at constant volume by means of a capillary manometer The 
apparatus was similar to one which has been previously descnbed * The 
reaction vessel was heated by means of an electric furnace, the temperature 
being controlled by the hand regulation of rheostats. It could bo mamtained 
constant to within about 1° C Temperatures were measured with a chromeb 
alumel thermocouple m conjunction with a thermocouple potentiometer 

Methyl alcohol was treated with lime, and fractionally distilled, the middle 
third being retamed. 

To free the zmc from oxide, it was subjected to vacuum distillation. The 
zinc was placed m a heavy walled Pyrex bulb, which was connected by heavy 
walled capillary tubing to the reaction vessel The bulb containing the 
zmc was heated on a sand bath to about 630° C, while a hand torch was played 
on the connecting tubmg. The reaction bulb and connecting tubing were 
heated to 600°-600° C for several hours previous to the distiUaUon to remove 
adsorbed gases. The metal was then distilled mto the reaction bulb while tiie 
system was under a vacuum of about 0*0001 mm. On completing the dis¬ 
tillation the distilling bulb was sealed ofi from the reaction vessel and removed. 
The metal was then carefully melted off the walls of the reaction bulb on to 
the bottom. It had the form of a spheroidal drop, and hada very clear metalbc 
lustre. 

In a number of oases, especially between senes of runs, the catalyst was 
• Steaoie, ‘ Oanadian J. Res.,’ voU 6, p. 265 (1932). 

2 H 2 
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rab]6cted to reduction with hydrogen. The evacuated apparatus was filled 
with hydrogen at atmospheric pressure, and the temperature raised to 600° C. 
In most cases this treatment lasted for at least 24 hours. 

The temperature range used was from 360° to 440° C. This gave a satis¬ 
factory temperature interval on each side of the melting point. Below 360° 
the rate was too slow for conv^ence. Above 440° the rate was rather high 
for accurate measurements In addition small quantities of carbon were 
deposited if the temperature were too high. 

Enpenmental ReauUa. 

In some preliminary senes of runs zmc foil and shot were used without 
purification other than a superficial cleamng. It was found, however, that the 
results were untrustworthy on account of the presence of sme omde In all 
further runs, therefore, the zinc was punfied by vacuum distillation as 
previously desenbed 

The results which follow are not highly roproduciblo, since on melting, or 
even on standmg at a high temperature, some change m the surface area will 
occur. However, this is not senous smee we arc only interested in relative 
results, and if only a certain type of surface wore effective we would expect 
such a sharp drop in catalytic activity at the meltmg pomt that any effects 
due to a small variation m total surface would be negligible. 



The reaction has been followed by observing the rate of change of pressure 
with time Some sample pressure-time curves are given in fig 1 As will 
be seen from the curves, at the lower temperatures the pressure mcreases 
regularly with time. At higher temperatures there is a break m the curve, 
due to the fact that the reaction really takes place in stages. At all tempera* 
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tures, however, the rates are aatiafactonly reproducible on a given catalyst 
Throughout this investigation the times for various arbitrary fractional pres¬ 
sure increases have been used as a measure of the rate of reaction, and hence as 
a measure of the activity of the catalyst 
The condensed data for several senes of runs follow. 

Senes I —^The zinc used was punfied by vacuum distillation, but was not 
reduced with hydrogen tn sttu The surface ares of the zmo was approxi¬ 
mately 0 5 cm*. Successive expenmenta were performed in order of increasing 
temperature. The results are given m Table 1 


Table I 


Tempermtura, 


1 M 
1 05 
0 75 




3U 6 
16 0 
6 0 
2-05 


In fig 2, log, T, IS plotted against the reciprocal of the absolute temperature 
' The strict parallelism of the curves for Tjq, T^ and T,® shows that we are 
justified m usmg the pressure increase as a measure of the rate of reaction 
The curves are not quite Imoar, as required by the Arrhenius equation, but 
this IS hardly to be expected smee some change m area must take place on 
fusion, and on standing for considerable periods of tune. The most noteworthy 
pomt 18 the complete absence of any sharp break m the curves at the melting 
pomt of zmo. In this, and in all subsequent senes of runs, no visible change in 
the catalyst occurred with use It always preserved a clear metalhc lustre 
throughout. 

Senes //.—These experiments were made to show the effect of oxidation and 
of reduction on the activity of the catalyst. The zino was punfied by 
vacuum distillation as before Its surface ares was ca. 0*25 cm*. Three 
runs were made on the liquid at 436® C.:— 

(a) With the catalyst in its origmal state the value of T,, was 16*5 minutes. 

(5) After 12 hours reduction with hydrogen at 500° C., it was found that 
Tk = 19-0 minutes 

(c) After contact with air for 3 mmutes at 436® C., T^ deoreased to 4*1 
minutes. 
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Thus reduction with hydrogen has a very small effect on the activity of the 
catalyst, which is of the order of magnitude of the experimental error. Oxida¬ 
tion, on the other hand, causes a defimte mcrease m activity It is therefore 
essential that the material be freed from traces of oxides, and m all subsequent 
runs the metal was left m contact with h 3 rdrogen at 500° C for at least 24 



hours before bemg used This fact, together with the general reproducibility 
of the results, makes it certam that we arc dealmg with catalysis by metallic 
zinc, and not by traces of zme oxide 


Table II. 


TemperatnTe," C 

366 

39S 

416 430 

Tm, minute* 

28 6 

10 B 

6-9S 4 6 


Series 111 .—^The zme was distilled and reduced with hydrogen for 24 hours. 
The metal was m the form of a “ button ” 2 cm. in diameter and O-S cm. thick. 
The runs were made in order of increasing temperature. The results are given 
m Table 11. 
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/Senes IV. —On the completion of the oxpenments in senes III, the metal 
was agam reduced with hydrogen for 24 hours. The results are given in 
Table III 

Table III 

Tempeiatnn, “ C 3«1 401 420 

Tm. minDtes M ^ ^ ^ 

/Senes V .—^The same sample was agam used, with a further reduction with 
hydrogra for 24 hours It was used for runs above the molting point only, 
without solidiiioation of the zinc after the reduction The results are given in 
Table IV. 

Table IV 


Temporatare, ° ! 424 424 

Tu. minntei .3 75 3-76 



Pio. S.-Sones HI. IV, and V Fio 4 —Sones VI 


The results from senes III, IV and V are all given together in fig. 3 in the 
form of a log, T |5 — 1/T plot All the pomta lie on the same straight line. 
As m fig. 2, there is absolutely no indication of a break at the melting point 
of zmo. 
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8$fruis VI .—^Here the usual order was reversed, the first run bemg made at 
the highest temperature on the molten metal, with succeeding runs at con- 
seoutively lower temperatures. As before the nnc was vacuum distilled. It 
was reduced with hydrogen for 72 hours at 600° C before use The surface 
area was about 0-6 cm * The results are given m Table V 

Table V. 

Temperature, ° C 441 

Tn, minutes 8 fl 

The results arc plotted as before m fig. 4 There is again no indication of 
a break at the melting point 

ZHscumoN. 

The existing theories of the nature of catalyst surfaces postulate that only 
a fraction of the total surface is active, the remainder being relatively, or even 
totally, inactive The onginal theory of Taylor was developed primarily in 
connection with hydrogenation reactions Since then there has been a tendency 
to apply it to all reactions. 

The investigation described here was attempted in order to test these 
dieones The catalyst has been used in bulk form, and with a limited, reason¬ 
ably defimte surface. This contrasts sharply with the general practice of using 
highly dispersed contact agents with a vastly extended surface. The treatment 
of the catalyst has been controlled with the object of obtauung as smooth a 
sur&ce as possible, as opposed to the general practice whore the main object 
18 to create a surface of irregular character by means of some violent treatment 

Even if the surface of the catalyst used here were free from the extra-lattice 
peaks postulated by Taylor, it still possesses the crystal boundaries and micro- 
crystallme cracks to which Schwab assigns catalytic activity. All these 
irregnlantios must disappear when the crystal lattice disappears on fusion of 
the metal. 

It would thnefore be expected that the activity of the catalyst would drop 
sharply on melting. No such disoontmuity has been found, as is seen in figs 
2, 3 and 4. We are therefore forced to the conclusion that the surface of the 
catalyst is free from active patches, or in other words that the whole surface 
of the metal is uniformly active. It is, of course, probable that m certain 
reactions the catalytic activity is not uniform over the entire surfaoe. The 


441 429 415 402 382 380 

8 3 7 76 12 8 18 6 42 0 32 2 
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fidd of force m which an adsorbed molecule finds itself will naturally differ 
according to whether we consider a plane surface or a crystal edge. We would 
therefore expect, merely by chance, that for some reactions one part of the 
surface would be more active than another 
It should be emphasized that the mvestigations which have led to the idea 
of “ active patches ” are all of an indirect type The present investigation 
furnishes the most direct evidence which has yet been obtained as to the 
uniformity or otherwise of catalytic surfaces It therefore casts considerable 
doubt on the idea that the entire catalytic activity is to be ascnbed to one 
definite limited part of the solid surface 
Further investigations on catalysis by liquid metals are in progress 

Summry 

The effect of varying temperature on the rate of decomposition of gaseous 
methyl alcohol over solid and liquid zinc has been mvestigated from SfiO” to 
440° C With constant surface the catalytic activity of the metal is directly 
dependent on the temperature, there being no discontinuity at the melting 
pomt of zinc It is therefore concluded that the entire surface of the metal 
IS uniformly active, and that it is not in general justifiable to assign the whole 
catalytic activity of a solid to some one limited part of the surface. 
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The Etnissum ConstarUa of Metals in the Near Infra-Red. 

By C, Hubst, D.Phil., Christ Churoh, Oxford. 

(Communicated by P. A Lmdemann, P R 8 —Received June 7, 1933 ) 

In the far infra-re<l, the reflecting power, R, of a metal at a wave-length, 
X, is connected with its speciflc resistance, p, by the Hagen-Kubens relation, 

i-B-iVi’ 

where h is a constant with the value 0*365 when X is measured m p., and p 
is the resistance of a rod of the metal 1 metre m length and 1 sq mm m cross- 
section The relation has only a restricted range of validity . for it is based 
theoretically on the electromagnetic theory, which does not embody the 
modem conceptions of the electron theory, and a restriction for a lower 
wave-length limit is made in the deduction of the formula itself 

Hagen and Rubens*t have subjected the formula to a ngid test by a senes 
of emission measurements At wave-lengths of 25 5 and 8*86|i, the calculated 
and observed emissivitiesj agreed usually to withm about 10% Further 
experiments at the same wave-lengths showed, moreover, that the emissivity 
changed with temperature m the manner demanded by the relation It 
follows that the emissivity of a metal at sufficiently long wave-lengths is 
roughly proportional to the square-root of its absolute temperature. 

It IS frequently stated that in the visible region of the spectrum the tempera¬ 
ture coefficient of the reflectmg power of metals is zero The evidence which 
has led to this belief is, however, not at all conclusive ; of the expenments 
supportmg the statement, many were performed at an early date and a number 

• ‘ Bor. deuU. chem Ocu ,’ p 410 (1903). 

t ' Ber. dents chera Gee.,’ p 478 (1900). 

t Since the notation is by no means standardized, it is necessary to explain the sense 
m which the terms emtMimly and eimsnve power will bo used in the following pages. 

If ex 3X IS the radiant energy between wave-feagths X and X -|- dX which is given out 
per second by umt surface of a body, then Sx is defined to be the em^9S%ve power of the 
body tor the wave-length X and the tomporatuze at which it is radiating. 

The emtsetvttjf or relaltve tmienvtty of the body is the ratio of its emissive power to the 
emissive power of a perfectly black body for the same wave-length and temperature 
Him quantity is frequently called the abeorphve power or the abeorptimty of the body; and 
for bodies, such as metals, which, m sufficiently thick layers, transmit none of the radiation, 
IS equal to (1 — R), when B is the refitct*ng power. 
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of the later ones have uncc been controverted. Nevertheless, it can be stated 
without doubt that the variation of metallic cmissivity with temperature is 
considerably less in the visible than it is m the region of validity of the Hagen- 
Rubens relation 

The near infra-rod, then, is a particularly interestmg region m which to 
carry out emission experiments, since, somewhere between the visible and 8fi, 
there must be a transition, which may be more or leas gradual, between the 
“ optical ” emission coefficients of the visible region and the “ electrical ” 
emission coefficients of the far infra-red 

Unfortunately, a direct attempt to measure the relative emissivities of 
metals in the near infra-red is difficult The method of rest-strahlen cannot 
bo employed and spectral resolution must be earned out by means of a spectro¬ 
meter, with the result that the encigy received can bo measured only when 
the metals are heated to a very high temperature or when receiving instruments 
of high sensitivity are employed. Accordmgly, the distribution of energy in 
the heat emission spectra of the metals has lieen directly investigated for 
only a few of the more easily treated Some metals, like copper, which have 
a low melting point, or suffer a surface deterioration when heated to a high 
temperature, have hitherto been left severely alone 

The experimental difficulties ansmg from the &ot that the emitted energy 
m general is so mmute in quantity can be avoided by the use of a reflection 
method, m which it is the reflectmg power of the metal, rather than ita 
emissivity, which is directly determmed. This typo of experiment is not 
very accurate, however A simple example will make this clear The 
emissivity of copper at a wave-length of Sp, and a temperature of 860° C. is 
about 4-6%, an error of 1% m the tneamred reflectmg power would therefore 
appear as an error of the order of 20% in the emissivity cahrukaei from the 
reflecting power. Since the emissivity can be measured dvreedy by an omission 
experiment with an error of only a few per cent., this method is to be preferred 
to a reflectaon method, whether “ direct ” or “ polanmetnc ” 

Owmg to the fact that the study of metallic emission m the near infta-red 
has lagged behmd the correspondmg investigations beyond 10 |x and in the 
visible, it has hitherto proved impossible to test the validity of Kronig’s* 
quantum theory of dispersion m metallic conductors, the perfection of which 
should shed fbrther light on the phenomena concemmg interaction between 
matter and radiation 


• • Proo. Eoy. Soo A, vol 124, p. 469 (1920); vol. 188, p. 266 (1931). 
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The expenments descnbed here have been undertaken to remedy to some 
extent the deficiencies in experimental data. The emissivity of copper has 
been determined directly over a wave-length range extending from l* 6 (i to 
6 jji for two temperatures, vu., 700° and 860° C., that of mckel between the 
limits l(i and 6 * 8 ( 1 . for the temperatures, 850° C and 1000° C The probable 
error m the emissivity in each case is only a few per cent. 

Expentnental. 

General Descrtplton, and Advantages of the Method. 

The method employed possesses the great advantage that the emissivity 
of the metal under investigation is measured durectly the energy of a given 
wave-length emitted by a certam area of the metal, radiating at a given 
temperature, is compared with the ene^;y of the same wave-length emitted 
by an equal area of a black-body slit out m the metal itself and ladmting, 
therefore, at the same temperature. Such a comparison method does away 
with the need of measuring the temperature of the hot metal to a high degree 
of precision and removes the necessity of applying those numerous corrections 
which are essential m order to reduce the observed ene^ curves to “ normal ” 
curves when the black-body radiation is calculated rather tlian measured; 
absorption by the water-vapour and carbon dioxide of the air, and reflection 
losses at the surfaces of mirrors need not be taken into account; for although 
affecting the measured values of the metallic and black-body radiations at 
a given wave-length, they cannot influence the ratw tietween these two energies, 
i.e., the emissivity of the metal. 

Hagen and Rubens* and MoCauleyt have previously applied an emission 
method to a few metals in the region between the visible and 6 |i. For each 
metal, ^e black body curves were computed, and it was essential that the 
temperature of emission should be measured with a high degree of precision. 
One feels that much more reliance could have been placed in their results 
had direct measurements been made on the black body emission under the 
proper conditions of temperatnre and geometry. In addition, the particular 
method adopted by Hagen and Rubens suffers from the disadvantage that 
emissmties cannot be measured in absolute luuts; only the change of 
emissivity with temperatnre can be found at each wave-length investigated. 
They measured temperatures above 800° C. by an optical pyrometer, the 

* ‘ Bsr. dents ohem Qes.,’ p. 467 (1910). 
t ‘ Asteophi. J.,< Tol ST, p 164 (1013). 
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observed black-body temperatures being corrected to surface temperatures 
by usmg Holbom and Hemung’s* results for the visible emissivities—^results 
which have been adversely criticized by Worthing.t At lower temperatures, 
deflections of only a few milhmetres were obtained, and it is hard to see how 
the accuracy of a few per cent, claimed by the authors for oil tiieir results 
can be justified. McCauley admits that, as his black-body curves were 
computed from a knowledge of the emissivities of the metals at a part of the 
spectrum where bolometnc measuremeutB are uncertain to as much as 10%, 
his values of the reflecting power are apt to be in error His results have also 
been cnticizerl by Coblentz.J who likewise objects to the indirect method of 
obtaining the data 

It IB obvious that the direct method of the present research possesses many 
advantages over these former methods An acxount of the individual features 
of the apparatus will be presented m succeeding sections Here a brief outlme 
of the method will be given. 

Fig 1 shows the general arrangement of the apparatus The metal radiator, 
in which was cut a V-shajied slot, was heated in vacuo to the desired 



* * Ber. deuti. ohem. Geo.,' p. Sll (1906). 
t ‘ Phys. Rev vol. 10, p. 877 (1017). 

1 ‘ Boll. Bur. of Stand.,’ vo). 14, p. 116 (1018). 
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temperature. By rotating an auxiliary mirror, the image of the slot 
and the image of a closely adjacent portion of the metal surface could be 
focussed in turn on an infra-red spectrometer The energy emerging 
from the exit slit was measured by means of a thermopile and galvanometer 
The ratio between the two was the emissivity of the metal at the wave-length 
indicated by the spectrometer drum 

The EnaUer 

A composite type of enutting element was designed which would provide, 
in addition to the metallic radiation under mvestigation, black-body radiation 
of the same temperature. It consisted of three parts—an inner heating 
clement; a surrounding thm vralled silica tube for insulation purposes , and 
an outer metal cylmder. 

The heatmg element consisted of a coil of 200p tungsten wire wound in a 
spiral thread of small pitch, which was ground in a silica rod, 6 cm long and 
5‘6 mip. diameter 

Outer metal radiators of vanous patterns have been used. Fig 2 illustrates 
the most successful design, which is a development of the Mendenhall wedge 



From a solid rod of the metal under investigation, 5*5 cm. long and 1*26 cm 
m diameter, a cylmdnoal portion, 0*76 cm in diameter, was drilled out (to 
take the heatmg coil and its surrounding insulator) with its axis parallel to, 
and 1*5 ram from, the axis of the rod. A saw-cut was made in the metal 
along Its whole length, 1 mm. wide and 7*5 mm. deep, the plane of cut being 
mclmed at as small an angle as circumstances would allow to the plane oon- 
tammg the g^erator of cut and the axis of the rod. A rectangular 
parallelipiped of the metal, of the same dimensions as the saw-cut, was made 
to fit tightly into it. The central portion (1*5 cm. m length) of this steip 
was filed into the shape of a wedge, i,e., a triangular pnsm, 1*6 cm. long. 
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7 - 6 mm X 1 mm. base, so that, when the stnp was hammered into the saw-cut 
m the emitter and nvetod into position, a cavity with the shape of a Mendenhall 
wedge, 1 5 cm long, 1 mm, broad at the orifice and 7 '6 mm. deep, was formed. 
The angle of the wedge was therefore 7° 36' A rough file was used on the 
Hides of the V-cavity m order to reduce the reflection coefficient of the walls 
by the formation of scratches parallel to the length of the cavity, each of which 
would blacken the radiation by internal reflection 
Calculations, which were borne out by experiment, showed that the 
temperature gradients in the emitter were quite negligible 
A ray is reversed in a wedge of angular opening 7“ 36' after about 24 reflec¬ 
tions If, m the near mfra-red, a reflecting power of 0*8 is assumed for the 
rough-filed walls of the cavity, the effective absorbmg power of the wedge 
becomes 1 - (0 8)“ = 0-996 — that is, the radiation from the V-cavity is 
99-6% black 

“ Commercially pure ” copper was employed Previous researchers, e g , 
Tool,* have found the use of cheimcally pure copper impossible for work of 
the present nature owmg to the fact that it is too full of flaws to allow of the 
preparation of a satisfactory reflectmg or emitting surface. For the mvestiga- 
tion on nickel, a rod of theur pure mckel (mckol content, 99-5%) was obtained 
from Messrs Johnson, Matthey and Company 
The temperature of the radiatmg metal was measured thermo-eloctncally, 
a platmum, platmum-10% rhodium element being employed. The e m.f. 
generated was balanced by a potentiometer system which allowed temperatures 
to be estimated to the nearest degree, and since the method is one of companson, 
the temperature only bemg measured to determine the change of emissivity 
with temperature, this accuracy is sufficient The radiatmg metal itself was 
used as the hot junction The thermocouple wires were attached by means of 
10 B.A. bmding screws tapped into the radiator, very fine saw-cuts were 
made m the heads of the screws, the wires inserted therem and the screw-heads 
compressed tightly over them 

The emitter was enclosed m a vessel of the shape shown m fig. 3 It was 
suspended with its V-oavity opposite a fiuonte wmdow. Four lead-m tubes— 
two for the heatmg current and two for the thermocouple—were sealed m to 
the top portion of the vessel, which was jomed to the pumping system with 
its wmdow at the same height from the bench as the spectrometer slit. To 
prevent radiation being reflected back on to the emitter, the intenor surfime 
of the lower portion of the vessel was coated with a layer of an absorbmg 
• ‘ Phys. Rev.,’ voL 81, p. 1 (1910) 
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material. Duriog the oonrae of the work on copper, a dull black pamt, drying 
with a matt surface, was used. This pamt, supplied by British Drug Houses, 
Ltd., IS chiefly composed of an extract of lampblack in turpentme. After the 
application of the pamt, the turpentme was dnyen ofi by gentle heatmg m a 
current of air The carbon content of the paint rendered it imsmtable for 
use while mckel was under investigation. It was replaced by platmum black, 
which was deposited on thm copper foil fixed to the walls of the container 

The wmdow was of good quality and possessed a very high polish. Owmg 
to the feet that, hitherto, but littie work mvolvmg vacuum technique has been 
done in the infra-red beyond 3ft, little attention has been paid to the problem 
of prodnemg easily a vacuum-tight joint between glass and fluorite or rock-salt. 
While carrying out tests on various cements which seemed suitable, “ Durofix,” 
a celluloid cement made by the Rawlplug Company, Ltd., was tried. This 
proved to bo admirable, and can be thoroughly recommended for this purpose 
The two surfaces to be joined should be previously ground plane and the 
apparatus should not be exhausted imtil a few hours have elapsed after the 
application of the cement 

When the onutter was m use, a fast 3-stago mercury-vapour pump, backed 
by an oil pump, was kept m operation and a mercury-vapour trap between 
the pump and the veasol housmg the emitter was surrounded by liquid air. 
Under these conditions, the pressure in the apparatus was about 10~* mm. 

The emitter was heated from A C mains, rheostats m senes being used to 
keep the current at the required value of an ampere or so. 

The ThennopUe 

The thermopile consisted of 8 oopper-constantan elements in senes. The 
oonstantan wire was of 47 gauge, tiie copper of 60 gauge. The junctions, 
about 1 mm. square, were of silver foil 8(£ thick. The instrument was balanced 
and was very insensitive to extraneous temperature fluctuations. 

By using an extoemely small quantity of solder, the heat-oapacity of the 
junctions was kept low, and the period of the thermopile was only about 
6 seconds. Its resistance was 11 ■? ohms and was therefore very close to the 
resistance of the galvanometer (12 ohms) in conjunction with which it has 
been used. The other requirements of the theoretical mveetigation of 
Johansen* on “ rationally constructed ” thermopiles were also met os far as 
posable. 

* ' Ann. Phydk,' voL 38, p. 617 (1010). 
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To avoid fluotuationa, it is necessary to work with a thermopile either in 
vacuo or m an airtight casing. Since a pump had already been installed as 
a necessary part of the apparatus little complication was introduced by 
adoptmg the former alternative, in addition, a slight increase m sensitivity 
was obtained (about 30%) and all corrosive action of the atmosphere on the fine 
thermopile wires was eliminated 

A special brass casing, provided with slides to take the adjustable spectro¬ 
meter slits, was made for the thermopile. It was fitted with a rock-salt window 
on its front face, while the thermopile leads were taken through the back 
m thm glass tubes. The cose was made vacuum-tight and mounted m 
place of the ocular fitting provided with the spectrometer. Round it was 
placed a wooden box, provided with a hd, which was packed with cotton wool 
as a heat insulator. When placed tn vacuo behind a slit, 10 X 1 mm, at 
a metro from a candle, the thermopile developed an e m.f. of 4 microvolts 


The Oaivanometer. 

A Faschen galvanometer was used in conjunction with the thermopile 
A modem suspension, consisting of two groups of 3 cobalt steel magnets, 
was supplied and fitted by courtesy of the Cambridge Instrument Company. 
With a sensitivity of 10“*“ amps, per mm., scale distant 1 metro, the period was 
6 seconds. 

The galvanometer was supported on a wooden baseboard which was mounted 
on Soibo sponges at its four comers. These, in turn, rested on a stone pier 
whose foundations were in the basement of the laboratory Not the slightest 
trouble was experienced from vibration; only when exceptionally heavy 
traffic passed on the road outside the laboratory was a slight tremor visible 
m the spot of light reflected from the galvanometer mirror. 

The gsdvanometer was surrounded by a heavy soft-iron shield Never¬ 
theless, the high sensitivity employed rendered it necessary to take all readings 
between the hours of 11 p.m. and 6 a.m. owing to magnetic disturbances— 
due chiefly to traffic outside the laboratory. A sensitivity of 4 10“** amps 
per mm. was essentud for the lower temperatures at the extremes of the wave¬ 
length scales investigated. Owing to the foot that the galvanometer was then 
<m the point of becoming unstable, serious xero-creep ficequently set m and 
several hours’ wodc were sometimes necessary m order to obtam a single set of 
satisfoctory readings. Where possible, Uierefore, a sensitivity of not more 
than 10“*° amps, per mm. was used in (oder to expedite the work. 
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The Imeanty of the galvanometer ecale was tested for each new settmg of 
the control magnets by means of a potentiometer system. With few exceptions, 
it was found that, so long as the deflection did not exceed about 15 cm., it 
was accurately proportional to the current pasamg through the galvanometer. 


Optical System, Sectors, etc 

The mfira-red spectrometer was a Hilger No 1 instrument with a 60° rock-salt 
prism and a Wadsworth mirror, which, with the prism, formed a constant 
deviation system The slit width used was ^ mm The makers’ calibration 
was confirmed by means of the sodium D Imes and by plotting the emission 
spectrum of the bunsen burner m the neighbourhood of 4 4 p. The instrument 
was enclosed m a wooden housing m order to keep ofE draughts and to enable 
a dry atmosphere to bo mamtamed round it. As a precaution against stray 
radiation, the mtenor of the case was painted black 

A front-silvcred concave mirror, of good optical quality, 12 inches m focal 
length and 4 inches m diameter, was employed to form an image of the 
radiating metal on the oollimatmg slit of the spectrometer A remote control 
was fitted to the mirror so that the small rotation about its vertical axis, 
necessary to concentrate the slit radiation and the metal radmtion m turn on 
the spectrometer, could be brought about by the rotation of a knob situated 
near the galvanometer scale The geometry of the control mechanism was 
such that one complete revolution of the control knob gave the image a lateral 
displacement of one mdlimetre The distances between infra-red source and 
mirror and between spectrometer slit and mirror were respectively 62 6 cm. 
and 73*0 cm so that the linear magnification of the image was about 1 5 and 
the sohd angle of the cone of radiation entering the slit of the spectrometer 
was the same as the sohd angular aperture of the instrument itself. The 
mclmation of the beam of radiation to the axis of the subsidiary mirror was 
less than 4°, with the result that astigmatio errors were not present m the 
image, which was of excellent quality. 

In order to avoid frequent changes m the galvanometer sensitivity, rotating 
sectored discs were used to reduce the mtensity of the black-body radiation 
to a value comparable with that of the radiation from die metal. The sector 
was mounted on an arm, which could swing about a fhloruia situated m a 
hne with the driving axis of the motor, and which could be damped in position 
with the sector either in, or out of, the path of the heat radiattem. The sector 
was driven by an elastic belt from a small A.C. motor, screened from the 
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galvanometer by a soft-iron casing. When the motor was switched on or off, 
a deflection of a few centimetres was re^stered by the Paschen galvanometer, 
but while the motor was actually running no disturbmg effect could be detected 
The coefficients of transmission of the sectors which were used wore 6-94 and 
18-30% 

Immediately in front of the spectrometer slit was a pneumatically-operated 
shutter, consistmg of four plates of brass, mounted parallel to e.ach other on 
two short ebonite rods so that each plate was heat-insulatcd from its neighbours 


The Preparaiton of the Radtattng Surfaces 

The emitter to be polished was mounted on a mandril and ground on emery 
papers of incrcasmg fineness, the last used being a French 0000 paper. 

In the past, it has been usual to complete the preparation of a metal surface 
by the process of “ buffing ” with a steel polishmg rotl or by the usual optical 
method of polishmg with rouge. However, there seems little point in 
subjecting a surface which is to be subsequently annealed to a heavy polishing 
process. Indeed, the recent work of Lowery and Moore* shows that there is 
a definite decrease in the reflectmg power of copper with moreasiiig lieaviness of 
polish, and even when the metal is not to be subjected to a later heat treat¬ 
ment, these mvestigators do not recommend burnishing The possibilities 
of polishing copper with rouge were, therefore, explored. A beautiful polish 
was obtained with ease, but, when the metal was first heated, numerous bright 
red specks were visible on the comparatively dark background of the greenish- 
hued copper and the surface showed traces of filming. It appeared impossible, 
therefore, to polish with rouge without at the same tune working impurities 
into the surface of the metal. 

A prolonged rubbing with soft chamois leather while the emitter was rapidly 
rotated in the lathe was found to effect a considerable improvement in the state 
of the emened surface, especially if the metal had been heated previously to 
a high temperature in vacuo and if considerable pressure was brought to bear 
upon it Although such treatment left a few fine scratches on the surface, it 
was adopted for both the metals investigated; it is agreed that a surface film 
oan cause a large change m the emissmty of a metal, whereas it is hard to 
see how a few scratches, which oocupy a very small proportion of the area 
viewed and which are not suificioatly deep to blacken the radiation by mtemal 


• ‘ Plul. Mag.,’ vol 13, p 938 (1932). 



477 


The Emission Constants of Metals. 

reflection, can exert any appreciable effect. This view is supported by the 
fact that the scratches in the specimens used were mvisible when they were 
incandescent. 

After polishing, the metal was well washed in alcohol to remove grease and 
moisture. It was mounted in mcuo, brought to a dull red heat, and any traces 
of an oxide film which might have formed durmg the polishing process were 
removed by the adimssion of about 1 mm of hydrogen into the apparatus 
Thereafter, the metal was kept tn vacuo and cleaned up m hydrogen at 
intervals. 

Besides possessing other advantages, an omission method is far less exacting 
as regards the perfection of the surface required than is a reflection method. 
This was apparent during the course of the work on copper, the surface of 
which, when heated to OW C., frequently developed crystal facets, each of 
which retained its polish The effect on the cimssivc power was, however, 
very small—from 5 to 10%—m accordance with the fact that the recrystalhsa- 
tion could not be observed when the copper was self-luminous, but was apparent 
when the surface was viewed by reflected light Whereas such cr}r8tal facets 
would certainly exercise a large effect on the specular reflecting power of the 
aurfhee, the only error appearing in the direct emissivity determination would 
result from the departure from Lambert’s cosine law 

There still remains to bo considered the possibility of the formation of a 
surface film (other than an oxide film) after polishing As was to be expected, 
the slight traces of hydrocarbons and other vapours of carbon, ansing from 
the black paint and from tap-grease, caused no difficulty when working with 
copper. After a senes of emissivity measurements extending over a period 
of many weeks, the metal was as bnght as when it was first set up—confirmed 
by the fact that no progressive increase in the values of the emissivity was 
observed. 

The reverse was found when expenmentmg on mckel A slow progressive 
change was noticeable in its surface condition when this metal was mamtained 
incandescent at temperatures below about 700° C., even though every effort 
had been made to exclude all traces of carbonaceous vapour and the pump 
had been kept in operation for several days prior to the heating Presumably 
the change was due to the formation of mckel carbonyl. As a result, measure¬ 
ments wore made only at higher temperatures and the metal was heated and 
cooled quickly (the latter by the admiraon of hydrogen) between senes of 
readings. In this way reproducible results have been obtained and filming 
and loss of polish was avoided. 
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The Cosine Imw of Emxsswn. 

Aoconlmg to Lambert’s cosine law, the apparent bnglitness of the different 
elements on a self-luminous surface is the same, no matter what angle the 
normal to the element makes with the straight lino joining the element to the 
eye, but theory shows that the law can be rigorously true only for the black 
body For metals, when the refraction of the emergmg radiation is taken into 
account, its mtensity is reduced in accordance with Fresnel’s formulee and a 
more complicated distribution is obtained for the surface brightness 

Because, hitherto, no observations seem to have been made on the devmtions 
from the cosine law for mfra-red radiation, some rough, preliminary measure¬ 
ments were earned out for copper and rackel, radiatmg at 850“ C , for a 
wave-length of 3*5 p. As in the visible, the deviations found were in the 
sense of the computed deviations which are obtamed when surface refraction 
is taken into account, but were greater, and of a difierent order of magmtude 
Beginning with normal emission, the bnghtness increased until it reached a 
maximum (about 1*4 tunes the normal) at about 80“ and then decreased 
rapidly agam. This deviation from the cosine law is considerably greater 
than the discrepancies which have been observed in the visible region of the 
spectrum 

The emissive power in the present work has bwn so limited as to refer only 
to that radiation which leaves the surface normally or nearly so. So long as 
the angle of emission was not greater than 20“, it was found that the error 
ansmg owing to a departure from the cosme law was not more than 1%; 
while an angle of emission as large as 30“ led to an error of only about 3% 
The emitters employed wore so designed and onented that the angles of emission 
for the metallic radiation ansmg from the portions of the surface closely 
adjacent to the black-body slit were less than 10“. 

The Measurement of the EnnssivUtes of Copper cmd Ntchel. 

Experimental Procedure. —After a period of pumping of about half an hour 
the heatmg current was switched on and the emitter brought to the required 
temperature. The image of the slit in the radiator was focussed on to the 
spectrometer slit and the rotating sector was swung mto position in the path 
of the radiation. Operatmg the shutter by its pneumatio release, ten or six 
galvanometer deflections (according to the high or low sensitivity employed) 
were taken. Next, the nurror control was rotated through a pre-determined 
number of revolutions until the image of that portion of the metid from which 
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the radiation waa to be received was focussed on the slit As stated previously, 
it was so arranged that normal, or nearly normal, radiation was received from 
that part of the surface which was distant not more than a few millimetres 
from the black-body slit, and tests were made pnor to a series of observations 
to verify that this condition was satisfied The sector was then removed &om 
the path of the beam The energy received by the thermopile was measured 
as before 

It was often very difficult when working at the extremes of the wave-length 
scale to obtam defiections of a few centimetres, with the energies available, 
and at the same time a satisfactory zero stability; frequently, indeed, it was 
impossible to complete a set of readings when the galvanometer was pushed 
almost to its point of instability owmg to a serious zero-creep settmg in after 
the set had been commenced. On many mghts it was not possible to take 
readings at the highest sensitivities. 


Results 

Copper —The results of the emissivity measurements on copper at the two 
temperatures, 7()()‘' and 850° 0 , are summarized m Table I — 


Table I.—Eaiissivitics, m per cent 


\V avc-lenglh, in n 

1 6 

1 75 

2 0 

2 0 

3 0 

3 5 

4 0 

4 5 

5 

romperaturo, 700* (' 

e 1 

8 6 

5 05 

4 5 

4 2 

3 9 

3 8 

3 6 1 

3 J 

Teinppraturo, S.'K)'’ U 

6 8 

6 3 

5 0 

*85, 

4 5 

4 3 

3 9 

4,| 

4 1 


For 700° C , each value given is the mean of 10 independent determinations, 
these showed no tendency to increase progressively with time and were m 
remarkably good agreement with one another, not one of them deviated by 
mure than 6% from the means displayed in the table. 

After the work at 700° C had been completed, a prolonged attempt was 
made to measure the emissmties of copper at about 1000° C, in order to 
obtain conclusive data about the transition from “ electncal ” to “ optical ” 
emission constants. It became apparent, however, that this coarse was 
impossible owing to crystallization of the surface, which took place whether 
the metal was heated tn mcuo or in a hydrogen atmosphere Althou^ the 
effect on the emissivity was small, about 6 or 10%, the fact that a temperature 
increase from 700° to 1000° C. would be expected to cause a variation of the 
some order of magnitude rendered it imperative to avoid the formation of 
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crystal facets. The deposition of a film of copper on the fluorite window 
owing to evaporation from the surface of the copper when it was operated at 
1000° C. was also a difficulty 

The second series of results was taken therefore at 860° C Even so, the 
surface crystallized frequently and in consequence, fewer measurements were 
made at each wave-length than at 700“ The first five results in the last line 
of Table I are the means of three or four detenmnations, while only a single 
determination was made at each of the four remaining wave-lengths In the 
course of obtainmg them, it was necessary to ropolish the emitter twice. 
Fortunately, the greater energy available at 850° C reduces the probable 
expenmental error so that the few observations made at this temperature 
arc more reliable than they would bo for a lower temperature. 

Fig 4 shows the omissivity at 700° plotted against the wave-length 



iVicifce/.—For reasons already stated, it has been possible to obtain accurate 
values of the emissivity of mckel only at comparatively lugh temperatures. 
The final results at 860° and 1000° C. are shown in Table II. Each value of 
the emissivity is the mean of four or five consistent determinations There 
was no sign of a progressive mcrease with time, although many hours separated 
snccessivo individual determinations at any given wave-length. 


Table II.—^Elmiasivitios, m per cent. 


W»vo-lenKlh, in ft 

1 0 

1 26 

1 6 

1 76 

2 0 

2 6 

3 0 

3 6 

4 0 

|46 

6 0 

6 6 

Tempemtuiv, 860° C 
Temperatun, 1000° C 

260 

28-4 

22-1 

Sll 
21 0 

10-6 

10-6 

18-2 
18 6 

16-8 
16 6 

14 6 

IS 0 
13 6j 

11-8 

h 

|l0-8 

10 2 
10-7 

00 
0 7 


The emisaivity at 1000° 0. is plotted against wave-length in fig. 6. 
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TAeonttoal.— Drude* was the first to discover theoretical relations between 
the optical constants of a metal and its electrical conductivity If » is the 
index of refiraction of the metal, k its extinction coefiGlcient, this classical theory 
leads to the results _ 

= ** + %* + «) 

where c is the dielectric constant and a the electncal conductivity of the metal 
transmitting electro-magnetic waves of frequency v. 




By the electromagnetic theory, the reflecting iiowet of a metal from vacuo is, 
for perpendicular incidence. 


_ (»-!)* + 

(n + l )*-!_*» 


Substituting for n and ib from the above equations, we obtain 


* “ PfayaJk dee Aetheia,” lat Edn , p. 574 (1894) 
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Therefore, 


For good conductors, for long wave-lengths, 

and K may be expanded m the form 

R--=1-2a/-+2-- 

V <J (I 


which becomes 


1 - R = 0 365 /y/f - 0-067 H + 


if o 18 replaced by the specific resistance, p, in )> '* replaced 

by the wave-length, X, expressed m ja. The first two terms alone are of 
importance for p/X < about 1/3. 

From about 12 (a on there is a close agrei-ment between the above theoretioal 
result and experiment At shorter wave-lengths, however, difterences between 
observed and calculated results become apparent, and the theory breaks down 
entirely for visible light. Its failure is due to the fact that it presupposes 
that the dielectric constant and the electrical conductivity are mdepdenent 
of the frequency. 

KrOmg, loc ett , has attempted to remove this restriction by adoptmg the 
Bloch theory of metallic conduction as a basis for an ingemous quantum theory 
of dispersion. He has shown that, for sufficiently high firoquencies, when the 
collisions of the electrons with the metallic lattice may be neglected, the 
behaviour of the electrons in an elementary lattice cube may be represented 
mathematically by assigning to them a sharp resonance Ime of frequency aero 
and practically oontmuous absorption bands From about l-5(x onwards 
mto the infi»-red, the metal may be treated as though it had only the pseudo- 
resonance frequency at v = 0, and the effect of the collisions of the electrons 
with the lattice may be introduced by discussmg the broadening which this 
line undergoes thereby. Callmg 8 the half-breadth of the representative Ime, 
V = 0, the expressions. 

On = 1 — 

® “ u* -I- 1 ’ * “ V (u* -f 1) ’ 


where Og is tiie electrical conductivity for constant fields and u = v/8, are 
obtained for the electncal conductivity and for the dielectric constant at 
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frequency v. KrOnig introduces these expressions for o and t into the usual 
equations for n and ^ (I, above) and, after further simplification, obtains 



and thence 

R =- I - 2 - WiJ+l 

which, for small values of v.te, in the far infira-red, goes over into the classical 
expression of Drude 

It is shown by Krdnig that the product S depends solely upon the periodic 
field of potential of the Bloch conduction theory, and is therefore independent 
of the temperature Hence, to a first approximation, the breadth of the 
resonance line is directly proportional to the absolute temperature Owing to 
lack of data on the temperature dependence of the reflectmg power in the near 
infni-red, the inferences to be drawn from this lost conclusion wore not discussed 
by Krdmg The results of the present research are of importance m this 
connection, and show that drastic modifications are necessary m the theory, 
as will be pointed out in the next section 

Krdmg calculates Oo and $ for room temperature for copper, silver, gold, 
platinum and indium from equations (2) and the measurements of Forsterlmg 
and Fr6cdenckaz* on n and k for these metals The values of Ooand S (which, 
for any one metal, should be independent of wave-length) are of the same 
order of magnitude at the vonous wave-lengths, although the former shows a 
tendency to increase progressively with the wave-length and the latter appears 
to decrease with wave-length The values calculated for and averaged over 
wave-length are less than the values of the conductivities determmed by 
direct measurement, the ratios between the two for the vanous metals 
investigated varying between the extremes of 2 and 100 This result, Erfimg 
suggests, may be due to the fact that the optical constants depend upon the 
properties of a thin surface layer of the metal, in which layer it is possible that 
the conductivity is diminished on account of the distortion of the lattice. 
The disagreement between calculated and measured values of is, however, 
a defect in the theory; for, smee the KrOmg equations must merge mto the 
olassioal equations for sufficiently long wave-lengths, the limiting value attained 
by the calculated values of cg must be identical with the conductivity of the 
material in bulk, this latter bemg the conductivity which is always inserted 
• * Ann. Physik.’ vol 40, p. SOI (1918). 



484 


C. Huxst. 


into the Drude equations. Hence Oq must continue to increase with wave¬ 
length even in the region remote from the influence of the optical absorption 
bands 

It 18 unfortunate that, m order to test the theory at room temperature, it is 
necessary to refer to polanmetric measurements which, in the mfra-rod, are 
not accurate owing to the facts that the angles of polarization observed change 
but little with wave-length and that use is made of formulae of the type 

_ Ojfcw 

Vn* -1~ A* = tan </>, jji = ta“ 

which, for largo values of <1>, may lead to lai^e errors m n and k. Although the 
reverse is stated by Krdnig, reflecting powers calculated from the values of 
n and k due to FOrsterling and Fr^eilenckaz arc not m good agreement with 
reflecting powers directly measured by Hagen and Rubens 



Fio 6 . — ^Illustrating tho transition from the electrical uoeffioient of the infra-red to 
the optical coefRcient of the vuible. (i) Emtssmty 860° C. ; (a) emissivity 700° C.; 
(ill) room temperature sbsurptmty (Hagen and Biibens). 

Ihacuaaion of Results. 

Copper. —^Fig. 6 mcorporates the experimental curves of the present research 
and also the reflection measurements of Hagen and Rubens* on copper at room 
temperature. It will be observed that, whereas at a wave-length of 5|ji the 
high temperature emissivities are almost twice as great as the absorptivity 
at room temperature, there is little difierenoe between the emissivities and 
• ‘ Ann. Fhysik,’ vol 11, p. 873 (1908). 
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the absorptivity for wave-lengths less than about 2(i. Thus is demonstrated 
the gradual trwsition from the “ electrical ” emission constant of the far 
infra-red to the “ optical ” constant of the visible region. 

For the time being, attention will be concentrated on the onussivities at 
700° C m order to show that the quantum theory of Kromg fits the facts less 
well than does the classical theory of Dnide The theoretical values of the 
emissmties at 700° C will be calculated — 

(o) on the assumption that the Drude theory is valid throughout the wave¬ 
length range investigated, 

(6) on the assumption that the Kromg theory is valid. 

(a) Accordmg to measurements of Northrop,* the specific resistance of 
copper at 700° C , measured m X 10' * Thence, accordmg 

to the Hagen-Rubens relation, the omissmty of pure copper at 700° C. should 
be 4-2% at a wave-length of 5p The measured value is nearly 20% lower 
than this calculated value Any impurities present m the actual specimens 
of copper used in the research would tend to mcreasc this discrepancy. 

The divergence between calculated and observed figures is not surprumg 
in view of the fact that the theoretical formula is derived for radiation of greater 
wave-length than those actually used. Even at longer wave-lengths, precisely 
similar results have been observed by Hagen and Rubens (foe. cU , 1909,1910). 

Table HI contains the experimental values of the emissivity at 700°, and 
the values calculateil on the assumption that the Hagen-Rubens relation is 
valid 


Table HI —^Temperature, 700° C 


Wavo-length, in fi 

D 

I "ri 

3 

2 

1 S 

Obaerved Kminivity, in % 
Smianvity oaloulatod from H -B 

.3 OS 

3 8 

4 2 

5 00 

0-1 

relation 

L" 

4 7 

_J 

5 4 

6 6 

_ 

7 0 


(6) The equation for the emissivity denved by Kromg, loo cU., is 

e = 2 a /- Wtt* 4-1 (3) 

where <Tq is the electrical conductivity (m e.B.u) of the surface layers of the 
metal, and u ae v/8, where S is the half-breadth of the resonance hne, v » 0, m 


♦ ‘ J. Franklin In«tvol. 177, p. 1 (1014). 
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the equivalent speotrum of the electrons it is reasonable to suppose, as 
Kiomg suggests, that Oo, and hence u, changes with temperature in the same 
way as does the conductivity of the bulk of the material Accordmg to 
Northrop, loo cti, the specific resistance of copper at 700° C is 3*9 times its 
specific resistance at room temperature It follows that, for any given wave¬ 
length, the values of Oq and of u at 700° C. should be 1/3 9 times the values of 
these quantities tabulated by Kromg. Table IV contains, for the wave-lengths 
4, 3,2 and 1 • fiji, the values of oq and of « for sputtered copper at room tempera¬ 
ture assumed by KrOnig, the values of these quantities calculated for 700° C. 
and the values of the emissivity calculated from the formula (3). 


Table IV. 


Wave¬ 

length 

KtvSnig’i room tempera¬ 
ture values 

Calcnlated valuta for 
700'>C 

(v';*-i-i 

-v)tm 

Calculated 
emlMivity 
for 700" C. 








KK^XlO-" 

«>I0 


m% 

4 

1 12 

6 20 

0 20 

1 so 

0 20 

6 ft 

•I 

0 86 

8 33 

0 22 

2 14 

0 22 

6 3 


0 62 

7 21 

0 16 

1 8S 

0 26 

0 7 

1 ft 

0 48 

7 60 

0 12 

1 Oft 

0 24 

12 6 


Smce the values of oo and S denved by Eiomg should be, but, m fiwt, are not, 
mdependent of wave-length, it may be furer to adopt as basis of calculation 
ErKnig’s mean values of Og and 3 (averaged over wave-length) rather than the 
different values of Og and 8 denved for each particular wave-length. The mean 
values at room temperature of erg and 3 for sputtered copper given by Kromg 
are respectively 0 82 X 10^’ and 0'166 X 10”. Thus, the values of these 
quantities at 700° should be (<To)7og = 0 21 x 10” and S^gg = 0*644 x 10”. 
The omissmties at 700° C. denved from (3) now become 7*1% at 6(i; 7*3% 
at4(A; 7*4%at3ji; 7*7%at2|i, and 7*8% at l*6|i. 

In Table V are collected the experimental results of the research on copper 
at 700° C and also the values calculated for the emissivities from the Hagen- 
Kubens relation and from the KrOnig dispersion formula—(1) acoordmg to the 
“ method of variable Og and 8 ” and (2) accordmg to the “ method of average 
og and 8.” 

Throughout the whole wave-length range the values denved from Kronig’s 
formula agree less well with experiment than do the values denved from the 
dassioal theory. The figures appearing for the longer wave-lengths m the 
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last column are impossibly high, while the value m the preceding column for 
1 * 6(1 IS so great that, were it correct, m order to obtam agreement with the 
measured emissmty of copper for red light, it would be necessary to assume 
(m opposition to all current ideas) that the emissivity decreases as the frequency 
increases between l* 6 (z and the visible 


Table V 


Wave-length 




Knumivitim in % 


Caltulalcd from KrCnig'it formula 

Caluulatod from __ __ _ 

H -R. relation I 

Method (I) Method (2). 


4 2 — 7 1 

4 7 6 fi 7 3 

6 4 0 3 7*4 

00 07 77 

7 6 12 0 7 8 


It might bo argued that the results calculated above from the modem theory 
depend upon the accuracy of the dispersion measurements of Forsterbng and 
Fr^encksz and that, were different values assumed for Og and S, the calcula¬ 
tions might be brought into better agreement with the facts. It is not difficult 
to prove, however, on general grounds, that this is not so, even though the 
derived emissivities are very sensitive to slight changes m the values of Oq 
and $ 

The proof assumes only that the surface conductivity is inversely propor¬ 
tional to the absolute temperature From the equation 

(Jo 8 = constant, mdopendent of temperature, (4) 

denved by Kronig, it then follows that 8 is directly proportional to T. Let 
be the surface conductivity at absolute temperature Tx and be the value 
of v /8 for this temperature and for a frequency v. By hypothesu, the values 
of surface conductivity and of u for a higher temperature T| are then 
and w^Tx/T,. Thus the ratio of the emissivities at temperatures Tg and T^ is, 
by Kronig’s formula, _ 
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T 

Since Uj 18 positive and 1, 



Therefore, for all frequencies to which the formula is applicable, 

«i> \/|*. (6) 

Cl Ti 

When u = 6 and Tt/T, = 4, for example, 

^ = 1-9 \/| 

The conclusion (5) may m fact be reached without making use of equation 
(4) if it is assumed that the surface conductivity is inversely proportional to T 
and that the width of the resonance Ime increases with temperature The 
latter is no new assumption, it is fundamental to the denvation of the 
dispersion theory m the near infrn-rod. 

The theory implies, therefore, that m the region extendmg from about 1 
to the domain of validity of the Hagen-Rubens relation the emissivity should 
mcrease considerably more rapidly with temperature than it does in the latter 
region. There is bttle doubt, however, that m the near infra-red the change of 
emissivity with temperature is 2ess, and not more, rapid than is given by the 
square-root law; fig. 6 certainly supports this latter conclusion. 

In order to conserve the Krunig theory and yet to derive from it results m 
agreement with experience, it would be necessary to assume not only a bgh 
value for the resistance of the surface layers of the metal, but also to assume 
that this resistance increases with temperature considerably less rapidly than 
does that of the metal m bulk. Such an hypothesis does not seem plausible. 
Moreover, the postulation of a new law connoctmg sur&ce conductivity and 
temperature increases materially the number of adjustable quantities m the 
formula for the emissivity and destroys almost completely the roison d’ilre 
of the theory. 

A number of simplifying hypotheses were made by Kronig, but in view of 
the fact that the theory is baaed on Bloch’s theory of conduction, which does 
not pay sufficient attention to the mutual repulsion of the electrons in the 
metal, it seems unlikely that mere refinements will bring about that drastic 
change in the calculated reflecting power which this research proves to be 
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neoeesary. The influence of the iree eleetrone on one another must be com¬ 
parable with the mteraetion of the ions of the atomic lattice on these electrons, 
and it seems unreasonable to expect a theory which n^lects the mutual 
potential energy of the electrons to be m quantitative agreement with expen- 
ment Not until a solution of the fundamental Thomas-Fermi equation for 
a S-dimensional lattice has been obtained does there seem much hope of 
formulatmg a satisfactory quantum-mechanical theory of the optical properties 
of metals in the near infra-rod 

Ntckd —^The gradual transition &om an emission constant increasing with 
temperature m the far infra-red to one which is practically independent of 
temperature near the visible region is agam made manifest by a comparison 
of the high tcmperative emissivities measured m the present research with the 
reflectmg powers of nickel at room temperature and at 300° C , measured by 
Hagen and Rubens (loc cit, 1910) by their multi-reflection method Owing to 
lack of reliable data about the resistance of pure mckel at temperatures above 
400° C , it 18 not possible to enter into a detailed discussion such as was given 
tor copper From the figures available, however, it appears that, at a wave¬ 
length of 6*6p., the observed values of the emissivity do not differ from those 
calculated from the Hagen-Rubens relation by more than about 20%, and that 
the mam conclusions of the discussion on copper hold also for mckel 

As that of copper, the experimental curve at the higher temperature is less 
steep to the wave-length axis than is the curve for the lower temperature and 
the two cross at some wave-length between 1 and ‘ip. The temperature 
coefficient of emissivity between 1 and 2p appears to be very small, as is seen 
by comparing these results with those of Hagen and Rubens Their evidence 
of a change from a positive to a negative temperature coefficient in this region 
IS strengthened by the present results 

For copper, at a wave-length of l-5p, the emissivity at 800° appears to be 
about 6% less than that at 700° C. Even though the results at the former 
temperature are few m number, the smoothness of the curve would mdicate 
that the diminution is probably too great to be ascribed to experimental error. 
It IB unfortunate that repohshing was necessary m order to obtam the results 
at 860° G., and the effect may be due, at any rate m part, to a changed condition 
of the suiffioe of the metal. 

As j«t, nothing is known about the high temperature emissivities of metals 
between the visible and 1 p, and much additional woric is necessary before it 
can be definitely stated whether or not the emissivity is dependent on the 
temperature m the visible region. It is hoped to extend the present observa- 
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tions up to, and into, the visible, using a spectrometer for the resolution of the 
energy and a photoelectnc method of recording. Contmuous curves showing 
high temperature emissivitioa plotted against wave-length should do much 
b) remove the confusion which has resulted from the general practace of 
determining visible emissivities by photometric methods at a few discrete 
wave-lengths only. 

In conclusion, 1 wish to thank Professor Lmdeiuaim, F.R S, for his help and 
for extending to mo the facilities of his laboratory I am indebted also to 
Mr T 0 Keeley and to Mr. C H Oollie for many helpful suggestions 

Summary 

The eimnissivity of copper has been detennined over a wave-length range 
extending from l*5[i, to 6[i at tlio iwo'temperatures, 700° G and 850° C, and 
the emiBSivity of nickel over the range 1 •25|ji to 6*5ix at 860° 0. and the range 
Ipto6-5(i.atl000° 0. 

The emissivity for a given wave-length was measured directly as the ratio 
between the energy received from a given area of the radiatmg metal and the 
energy received from an equal area of a black-body slot cut m the metal and 
radiatmg, therefore, at the same temperature as the metal. 

The method possesses the followmg advantages.— 

(1) The emissivities can be measured with a far greater accuracy than is 
possible by employing a reflection method 

(2) The comparison black-body emission is measured, and not calculated 
from the laws of full radiation 

(3) Since the metallic radiation and the black-body radiation ate of the 
same temperature, it is not necessary to measure the temperature of 
the radiator with a high degree of precision, in fact, it was measured 
only because it was desired to mvestigate how the reflection coefiioients 
vaned with the temperature 

The results have been compared wit^ the values predicted by the dassical 
theory of Drude and by the quantum-meohamcal theory of Krdnig; the latter 
theory is shown to fit the facts leas well than the former. An argument 
baaed on general gtonnds has been advanced m support of this conclusion. 
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The Flow of Vxscoug Ltqutd Past Spinning Bodies 
B 7 T E. Oarstang, M.Sc , Umveraity College, London 
(Uommunicatod by L N G Filon, F R S —Received June 8 , 193:1) 

§ 1 hdrodiuium. 

The motion produced m a viaooos hqmd by a spuming sphere has been 
investigated for small values of the Reynolds’ number, nsing Stokes’ equations 
for slow motion, in which the inertia torniH are neglected * By combuung 
the solution for this problem with that given by Stokesf for the flow of a 
stream of viscous liquid past a fixed sphere, we obtain the solution for a stream 
fiowmg past a spinning sphere Oseen^ introduced a modified system of 
equations, in which the inertia terms are partly taken mto account, and obtamed 
the solution for flow past a fixed sphere using these equations. The problem 
of the flow of VISCOUS hquid past a fixed circular oylmder has been mvestigated 
by Lamb,§ using Oseen’s equations, and the additional solution required if 
the cylmder is rotating has been given by Oseemll In the present paper the 
solution for flow past a spimung sphere is discussed, using Oseen’s equations. 

The flow of viscous liqmd past a spinnmg body is physically equivalent to 
motion of the body through the hqmd with combmed traniEdation and rotation. 
Now it IB well known that in practice when a body moves through a hqmd in such 
a manner, if there is rotation about an axis y perpendicular to the direction of 
motion X, then there is a lift on the body in a direction perpendicular to both 
X and 9 ^. In theorehcal mvestigations, if we suppose that the motion is 
steady, we are restneted m three dimensions to a body rotatmg about an axis 
of symmetry, and m two dimensions to the circular oylmder. In these cases 
it 18 impossible to obtam a lift if we use Stokes’ equatums for alow motion. 
For since the equations are Imear, the lift is the sum of the lifts due to the 
solution for flow past a fixed body and the solution for spm without flow, and 
these are both sero by symmetry. This argument does not apply to Oseen’s 

* Lamb, “ Hydiodynamioa,” { 837. 
t ‘ Trane. Oamb PhU Soo.,’ vol. 9, p 8 (1861). 
t ‘ Aric. Mat. Aetr. Fyn..' voL 6. No 28 (1010). 
f ‘ Phd. Mag.,’ toL 21, p 112 (1011) 

II “ Hydiodynamik,” {17 2. 

^ P. O. Tsit, ‘ Soientiflo Papers,’ vol 2, pp 366, 371 (Camb., 1898); ‘ Trans. Roy. Soo. 
Rdin.,’ vol. 37 and vol. 39. 
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equations, smce we cannot have a solution for spin alone with no flow, the 
stream velocity being implied in the equations themselves. In the absence of 
a method for solving the complete hydrodynsmioal equations, it is therefore 
of mterest to investigate the flow of viscous liquid past spummg bodies, using 
Oseen’s equations, and particularly to find whether a lift is obtained 


§2. Summary of KesiiUs 

In discussmg the rotating sphere, we have to consider separately rotation 
about an axis comcidmg with the direction of the stream and about an axis 
perpendicular to this direction. These two rotations will be referred to as 
aide spin and top spm respectively In each the known solution for flow past 
a fixed sphere is combined with a solution which is appropriate to the altered 
boundary conditions at the surface of the sphere These boundary conditions 
are satisfied to the same degree of approximation as in Oseen’s solution for the 
fixed sphere, and a method of obtaming further approximations is mdicated 
Before discuaeing the results obtained concerning the lift, it must bo under¬ 
stood that there are three difterent quantities mvolved First, there is the 
lift calculated from mtegrals at infinity, using a method first introduced by 
Filon, and extended to three dimensions by Gloldstein , secondly, there is the 
lift calculated from integrals over the body, and finally, there is the experi¬ 
mental bft, of which the sign is in general in accordance with the Kutta- 
Joukowsln theorem for a perfect fluid The first two would Ik* the same if the 
solution related to the complete hydrodynamical equations, but in solutions 
using Oseen’s equations they are found to differ 
Considerations of symmetry show that there can be no lift on the sphere 
rotating with side spm When we come to investigate the lift on the sphere 
rotating with top spm, some unexpected results are found. On evaluating 
the lift by means of integrals at infinity, we obtam the value zero, but if we 
calculate the lift from integrals over the body, we obtam a force in the opposite 
direction to that given by the Kutta-Joukowski theorem. 

By transforming the surface mtegrals used in the two calculations, wo show 
that the difference m the results is a necessary consequence of the n^lect of 
the inertia terms in the hydrodynamical equations On investigatmg the 
known solution for a rotatmg circular cyhnder, a smular discrepancy in the 
values of the lift given by the two methods is found In this case, however, 
the calculation using mt^pnls at infinity gives a value m agreement with the 
Kutta-Joukowski theorem, while the calculation by means of mtegrals over 
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the body gives half this value Provided, however, the body is not spinning, 

• the forces calculated from integrals at infinity agree with those calculated 
from integrals over the body 

For the rotating sphere, wp find on comparmg the additional solutions for 
rotation with those obtamed by using Stokes’ equations for slow motion, that 
the distribution of velocity near the sphere is identical to our order of approxi¬ 
mation From this wc deduce tliat the couple opposing the rotation, calculated 
from integrals over the sphere, has the same value whichever equations are 
used. This value of the couple cannot be compared with that obtamed from 
integrals at infimty, using Oseen’s equations, smee it has not yet been found 
possible to calculate the couple by the latter method. It is hoped that it will 
be possible to include this m another jiaper dealing with general theorems 
concerning the forces and couples on a body in a stream of viscous fluid. 


§3 The Solutumfor Flow pfuit a Ftxed Spiiere. 

Smee the solution for flow past a fixed sphere forms part of that for flow 
past a spinning sphere, we first give a short account of the former solution, 
following the method used by Lamb * We consider a stream of viscous liquid, 
of velocity U at great distances, flowing past a fixed sphere of radius o. We 
write IJ + u, V, w for the velocity resolutos at any pomt of the fluid, so that 
u, V, w are the disturbance velocities Let p be the pressure, p the density, 
and V the kinematic viscosity of the fluid. Then if the motion is supposed 
steady, and we neglect terms of the second order in u, v, w, the hydrodynamical 
equations assume the form adopted by Oseen, namely, 


l|P = vV«« 

dx pdx 
dx p 

U^+l^=vV% 

ox fOZ 


(3.1) 


together with the equation of contmnity 


dx^dy^ dz~^’ 


(3.2) 


“ Hydradynamios," 1340, or * HiiL Idag vtd 21, p. 112 (1911) 
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The solution of (3.1) and (3.2) is well known to be given by 


(m, t', w) = — grad ^ + (u', v\ w'), 

where ^ is any harmonic function and v', w' are solutions of the equation 




It IB convement at this stage to introduce the following notation, r, 6, a 
being spherical polar co-ordinates with the axis of x as polar axis. 

G„:=F,(jbr)P,(cose), 

Gn" = F„ (kr) P**" (cos 0) cos ma, 

H„"* = F„ (Jtr) P*"* (cos 6) sin mw. 

^ ^he Bessel function of imaginary argument, defined as m Watson’s 
“ Be^ Functions ” (§§ 3.7, 3 71). P„*” is the associated Legendre function, 
defined by the equation 

P,’"(tx) = (l-(x»)*^^^^^- 

The functions G*, G„"* and !!„"• are solutions of the equation 

(V*_t*)V = 0, 

while the functions e**G,, c'*G,"* and are solutions of the equation 

(3 3). 

A solution of equations (3.3) and (3.4) is given by 


2k dx 2Jfc^’ 2k dz' 

where x satisfies (3.3) 

In order to solve the problem of flow past a fixed sphere, we take the solution 
of (3.1) and (3.2) given by 



496 


The Flow of Viaoout Liquid. 

The boandaiy conditions « = — U, » — 0, w = 0 for r = « are found to bo 
satisfied approximately, when fai is small, provided 

*0 = *1 — iU"*. 3 = jUAa. 

It 18 easily verified that to the same order of approximation, the distnbution 
of velocity in the neighbourhood of the sphere is identical with that obtained 
using Stokes’ equations for slow motion The drag on the sphere, calculated 
from the stresses as given by the flow in the neighbourhood of the sphere, 
has therefore the same value as on Stokes’ theory, viz, finpoU, where (i is 
the viscosity of the liquid If the drag is calculated from integrals at infinity, 
the same value is obtained 


§ 4 T/ie Additional Solution for Side Spin. 

Suppose now that the sphere, instead of being fixed, is rotating about the 
axis of X with spin The boundary conditions for r ^ a are now 

« — — U, « = —= 

We have therefore to combine the solution for the fixed sphere with a solntaon 
satisfymg the conditions for r = a 

u -0, « = — a sm 6 sin 01 , w — o Q, sin 0 cos « (41) 

On referrmg to the discussion of the solution of Oseen’s equations m § 3, we 
see that rotational solutions for the velocities involving v and w only, and 
associated with constant pressure are obtamed by wnting 

where ^ satisfies (3.3) 

Solutaons suitable for our present purpose are given by 

4, 


Using the recurrence fomiulai for the and the P^’s, we find that if 

m>2. 


while if 


+ = e**Gi, 
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For a first approximation, wc adopt the solution 


UsmK the relation 


(i^)'K,W = 


ijnd retaining only the terms of lowest order in ka, we find that for r == o 


It follows from (4 1) and (4 3) tiiat the boundary conditions are satisfied 
to this order of approximation provided y = — foi* 12, 

If we started with the solution 

== YoC**Go + 

m which case we should have two arbitrary constants at our disposal, a lictter 
approzimatiou could be obtained in winch we retain terms of the next order m 
As. By starting with a sufficient number of terms in ({/, we could satisfy the 
boundary conditions to any desired degree of approximation, although the 
calculations involved would soon become very laborious It does not seem to 
be worth while proceeding beyond the first approximation, since subsequent 
results lead to the conclusion that Oseen’s equations are not a suitable basis 
for the investigation of flow past spuming bodies 
It u of some mterest to compare our solution with the solution for a rotatmg 
sphere which is obtamed if we use Stokes’ equations for slow motion. In 
this case the boundary conditions arc satisfied exactly, and the solution is 
given by 

„_(i, 

r* f> 

together with constant pressure. It is easily verified that to the order of 
approximation used m our solution, the distribution of velocity in the neigh¬ 
bourhood of the sphere is the same in tiie two oases. Now considerations of 
symmetry show that the solution for the fixed sphere will not contribute 
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anything to the couple on the sphere opposing the rotation. Thus it follows 
that this couple has the same value, namely, 8R|ia*f2a, as is given by the 
solution using Stokes’ equations. 

We now proceed to determine whether the additional motion of the fluid 
due to the side spm has any effect on the drag, which is given by 


![ = j j {I'xx + m'xy + n'arz) dS 


/', m', n' are here the direction cosines of the outward-drawn normal to the 
sphere, so that 

I' — cos U, m' == sm 6 cos (», n' = sin 6 sin co 


In the additional solution p is constant and u docs not appear, so that if 
Xj is the contribution of the additional solution to the drag, we have 

= [X(»* j (^ ^ 

where v — w = — yke^* GJ 

We find that 

| = (4.4) 

^ (3G} - O'). (4.6) 

Usmg (4 4) and (4.6), we sec that m each term m the expression for Xj the 
integral with respect to co vanishes. Thus the drag is unaffected by the rotation 
of the sphere. 


§ 6. The AddUtotuU Sohatonfor Top Spin. 

We now consider the case m which the sphere is rotating about an axis 
perpendicular to the direction of the stream. If we suppose that the sphere 
has a spm O, about the y-axis, the boundary conditions for r = a are 


u = —U-fztV « = 0, wr= — xQ^ 
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We miut therefore combine with the solution for a fixed sphere a solution 
satisfying the conditions for r — a 


w = a Qy sm 6 sin (>>, t; = 0, w = — a cos 0 (6.1) 


Rotational solutions for the velocities mvolving u and le only, and associated 
with constant pressure, are obtained by a method similar to that used in § 4 
In this case we wnte 


dz 


^ Sx ’ 


where <{; agam satisfies (3 3). 

Suitable solutions are obtained if we take 


^ = e**G„, 

in which case we find that if n > 2, 


while if 
we have 


and if 


2n + 1 

- 2^1 + 1) G" + (» + 1) 


u = ^HJ, «, = _^[G„^3G, + 2GJ. 




For a first approximation we wnte 

^ = 8s*-Go 

Unng equation (4 2) and also the relation 

and retaimng only the tcnrms of lowest order m Jba, we find that for r => a 
SsinSsino ^ 3oos6 


(fi.2) 


We see from (5.1) and (5.2) that to this order of approximation the boundary 
oonditioiM are satisfied provided 3 iba* O,. 
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Fut&er approximationB could be obtained if deaiied as explained in § 4, 
but for the reason given there it does not seem to be wrath while going beyond 
the first approxunation 

We now come to consider the effect of the top spin on the drag. If X( is 
the contribution to the drag of the additional solution, then since in this 
solution p IS constant and v does not appear, we have 


where 

= w = &ifee**[Gu-G,] 

We find that 

OX o 

_== _H. 

^ ^(G,*-2G„ + 2G,) 

|:=.-!^(4G„-6G, + 2G,) 


(6 21 ) 
(5 3) 
(5 4) 
(5 6) 
( 6 . 6 ) 


Using equations (5.3) to (6 6) it is easily seen that m every term in the 
expression for Xg the mtegral with respect to o> vanishes, so that the top spin 
has no effect on the drag. 

By comparing our solution as before with that obtamed using Stokes’ 
equations for slow motion, we see that the couple opposing the rotation 
has the same value as for side spm, if Q, is substituted for Q.. 


§ 6. The Lift on the Sphere Rotating vnth Top Spm 
We come now to the most important part of the investigation, namely, the 
calculation of the lift on the sphere rotating with top spin. In the case we have 
oonsidered, the ^here is rotatmg about the axis of y, so that the lift is the force 
in the direction of the ana of z. If Z' is the value of this foroe calculated from 
mtegrals over the sphere, we have 

Z' = |j {Vxz + m'yz + n'sz) dS 
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The terms m u, v, tc, p which make tip the solution for a hied sph«e will 
not contribute anything to the lift, so that we have only to consider the 
additional solution for top spm. It follows that 

where u and w are given by (5 21) 

We find that 

^ [_ 3G} + G‘J (6.2) 

^ = ^*l~3H{ f H'L (6.3) 

while the values of dujdz and dwjdx are given by (6 6) and (5.6) On sub- 
stitutmg these values mto (6 1) wo see that the term in du/ch; contnbutes 
nothmg to Z', since the integral with respect to oi vanishes 
In order to evaluate the other integrals which occur, it is convenient first 
to consider the integral 

T„ --= jj^ ^ F, (fai) (tt) + (ti)] dS. 

where a and p are arbitrary multipliers Here and throughout this section, 
( 1 . IB used to denote cos 0 

We proceed to obtain an approximate expression for T„, retaming only the 
most important term. By using the expansion* 

^ ^ ‘ 

we find that 

j' ^ (^) = 2 I„ ,, {kr). (6.31) 

It follows that 

T. = 4«a>F, (X») (—)* (te) + PI,+, (to)} 

Now we havef 

K-.Wto) = -, (6.32) 

^ ' 2to/ «i! (« - m )! (2to)- ’ ' ' 

* Goldstein. ‘ Proc. Roy Soc.,’ A. vol. 123, p. 225 (1929). 
t Watson. “ Bessel Funotioos,” K 3-7. 3 71. 
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sod 

whence 






.* r(n + w + l)’ 


[mi 


Ut(fe)- 


• __ 

„ (2« + 2m +1) (2n+2m -1) (2m +1) (2m)!' 


(6 33) 


Using (6.32) and (6;i3) wc find that, retaining only the most important 
term, 

T, = ^ (64) 

The integral 

To = j£ ^F„(Mc*“- pPi((i)dS. 

18 seen to be negligible compared with the general value of T„. 

Using (6 4) and the formula 


(6.41) 


(6 61) 


(2n + 1) (aP, ([i) = «P„_, (ji) + (n -t- 1) P,,, ((x), 
we find that to out order of approximation 

Also usmg the formula) 

(2n + 1) (1 - lA*)* Pi (|A) - P,+i» (tA) - P, - 1 * ((A) 

= «(« + 1) [P„ 1 (ia) — P„+i ((a)], 

we find that 

2 (2n + 1) m'P> ((a) cos w = m (n + 1) [P,_i ((a) - P„ ^ ((a)] 

- [P«-i* {V-) - P-+1* (I*) ] cos 2o) (6.62) 


Similarly we have 


It easily follows from (6.4) and (6 82) that 

By means of equations (6.61), (6 63) and (6.64) wo find that 
fjf SnpvS 


(6.63) 
(6 64) 
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and since 8 = A»* ft,, we finally obtain 

Z'----‘7rpa»UQ, (6.6) 

Now it IS a fact of observation that a sphere moviug with under spin througli 
air experiences a lifting force,* which, m regard to sign, is in accordance witli 
the Kutta-Joukowski formula for two-dimensional motion of a perfect flmd. 
This requires that, treatmg U as essentially positive, Z' and fl* should have 
the same sign in the case we have considered in which a stream flows past a 
rotating sphere We see, however, from (6 6) that and Z' must have 
opposite signs This must not be taken to imply a complete disagreement 
between observation and theory, since, so far as the author is aware, the 
exporunentsl evidence relates to Keynolds’ numbers &r larger than those to 
which the present approximation appbes. 

We now proceed to calculate the lift on the sphere by Filon’s method, employ¬ 
ing mtegrals over a large sphere £ whose radius r is ultimately made infinite 
The calculation is simplified by usmg a formula given by Gh>ldstem.t If Z 
18 the valne of the lift given by this method, Qoldstem’s formula takes the 
form 

Z=--pUjj I'wdS, 

where, in the present case, w is given by (6.21). 

Consider now the mt^ral 

= 27if^,(ifcr)|‘ (|i) dp. 

Using (6.31) and (6.41), we have ^ 

(s)* (‘'I+(••+‘> i"« 

With the help of (6.32) and the formula^ 



t' Proo. Rqy. Soo.,’ A, vol. 181, p. 198 (1981). 
t Watson, toe. e$t. 
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This formula holds for all values of n, mcludmg zero. 

Since is independent of », it follows at onco that Z vanishes. 

Thus our two calculations of the lift do not agree The explanation of this 


equations The further discussion of the significance of the discrepancy is 
deferred to §9 

§ 7. Comparison of Forces on a Body, calculated from Integrals at Infinity, and 
from Integrals over the Body. 

The discrepancy between the values of the lift found from integrals at 
infinity and integrals over the body is so remarkable that it is desirable to 
confirm the result by another method. This we are able to do by means of 
the followmg transformation of the integrals involved, for which I am indebted 
to Professor Filon 

Let S be the surface of a solid of any shape and S a large surface which is 
everywhere at a great distance from S Then if X, Y, Z are the forces exerted 
by the fluid on the solid S, wo have the following formula for X, due to Gbld- 
stem* 

— p |j (U + «) [V (U + u) + m'v + n'w](CS 

Ooldstem has shown that the integrals of products of u, v, w tend to zero 
when S is made mdefinitely large. Further, || I'U* dS vanishes identically, 
aud if (u, V, to) are such that they give no total expansion of the fluid, then 

II (i'« + m'v + n'w) d£ = 0. 

Hence we have 

X = + + +10) n: 


* Xo0. oa , p 220 (1020). 
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Alao, if X', Y', 71 are the forces oaloolated directly from the tractions on 
liody, we have 




the 


If now J denotes the space between S and S, it follows that 

-pU [| Z'tidS. 


Making use of (3 1) and (3 2), wc have 


X-X' = pU|jj ^<irdyd*-pU|f I'udE 
= -pUjj I'MfiS 

Similarly, we find that 

Y-y' = -pUj| VvdB 
Z_Z' = -pUj| VwdH 


Now suppose that the body S is rotating with spins G,, G,, It may 
remarked that it is necessary for steady motion that the rotation should 
about an axis of symmetry The boundary conditions over S are then 

tf — — U + zU, — yii, 

V = xii, — 
w = yfl* — xCl^ 

Thus we have 

X - X' = pU jj /'(yfl, - zn,)«i8 
Y - Y' = pU j| r (*Q, -xQ,) dS 
Z - Z' = pU jj^r {xQ, - y ftj dS. 


If the body S is a sphere of radius a, we easily find that 

X - X' = 0 
Y-Y' = -4irp(inJfl, 
Z-Z' = ^Kpo»Un, 
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This confirms the disoropancy found by calculating Z and Z' wparately 
Also it IS now clear that the diseropaney arises from the use of the equations 
of motion (3.1), in which the inertia terms are neglected 

We see that if the body 8 is not rotating, in which case the restnction to 
axial symmetry is unnecessary, the forces calculated from integrals at infinity 
agree with those calculated from integrals over the Ixxly 


§ 8 Thf Solutton for a Ctrruiai Cylttuler 
The flow of viscous liquid past a fixed circular cylmder has been discussed 
liv l.rfimb,* using Oseen’s equations Smee the suliition obtamed forms part 
of the solution for flow jiast a rotating cylmder, it is convenient to give a bnef 
summary ot the rcsnltH, 

Oseen’s equations m two dimensions are satisfied by 


Slid 


prov ided 
and 


_ ^ 




dq 


i. h 

'ikey' 


[W. 


V*^ = 0 


Lamb assumes as the appropriate solutiou 

oo log r H- oq log r 

/ -Pe-KpCAr) 

It 18 found that the Ijoundaiy conditions « — — U, « — U, ?o — U for r — « 
.lie s,itisfiod approximately provided 

O au 'i , 

Tk 

where y is Euler’s constant 

I'he drag on the cylinder per unit length is fouiiil to be 
47mU 

J--Y-log(Jfef) 

• “ Hydrudynamlos,” § 343, or Uir lU (1011). 


VOl.. CXLII.— A. 
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The additional solution required if the cylinder is rotating has been given by 
Oseen.* In this case there is a solution of the equations giving ii rotational 
velocities vvhu h satisfy the boundary conditions exactly, and the rorresjxuidiiig 
pressure supplier a lift m the direction requited by oliserv atiun If the cylinder 
u rotating with spin Q, the boundary conditions to be sati'iKetl by the additional 
solution for r = a are 

u^- ay, V = £Ir 

The appropnate solution is given by 

^ = -a»nB 

< ^ sin 6 «* £i cos 9 

« = — a* £2-, V - 

r r 

ftfl T Sin 0 

p = po*U £2-, 

r and 6 being polar co-ordinaics with the axis of x as initial line 
If 1 18 the circnlation round the cylinder, we have 

I •= 2na*£2 

The lift Y per unit length of the cylinder, calculati'd front integrals at 
infinity, is easily shown to be given by 

Y = -27cpa*U£2---pUI 

in agreement with the general theorem due to Fdon f On the other hand, if 
Y' IS the force calculated from integrals over the cylinder, we find tliat 

Y' = -Tcpa*U£2 = -ipUl, 

which 18 in accordance with Oseen’s formola, having regard to the fact that 
he considers a cylmder moving through flmd at rest at infimty. 

On applying the method of § 7 to a cylmder S of any shajie wo finil as before 
that 

x-x- — pu£f.js 
Y-Y' = -pUj /'i-dS 

If we now suppose that the cylmder is rotating with spin £2. it la necessary 

* “ Hydtodynaimk," § 17.2 
t ‘ Proe Roy Soo A, vol 113, p. 7 {I92fi) 
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for steady motion that the cylinder should be circular t^siii^ the boundary 
conditions 

M^-ir - yQ 

we have, if a is the radius, 

X - X' -- 0 
Y — Y' -- - 7upa*U il 

This oonhrms the discrepancy obtained by separate calculation of Y and 
Y' 

§ 9 Cotwlimou 

It leniains to consider the beanng of the results obtained on the question u-s 
to whether Oseen’s equations can justiiiably be iimsl at the boundary of the 
solid The use of the equations m this way scorns to lead to fairly satisfactor)' 
results in some cases Thus we have seen that provided the body is not spin¬ 
ning, tlie forces calculated from integrals over the bo<ly agree with those calcu¬ 
lated from mtegrals at inlimty Also it is known that the theoretical values 
of the drag for the sphere and cylinder agree with experiment for small 
values of ka The agreement must, however, be regarded as somewhat 

accidental, since there is no more justification for neglecting u etc, in the 

ox 

neighbourhood of the Ixaly, than for negh>cting U , which is retained. 

The results hero obtained show that if the equations are used to determine 
actual coeihcients at the boundary of a spinning solid, we are faced with the 
diflSculty that the two methods of calculating the lift give different results 
Now it is clear that it is at a great distance from the solid that Oscen’s equations 
arc most likely to give a good approxiinatioii to the motion We must there¬ 
fore take the value of the lift given by integrals at infinity as being mon* 
probably the correct one In fact we might hope, by obtaming the coefficients 
in this way, to get a solution which is a good approximation to the motion 
at mfimty, even though it does not accurately represent the motion near the 
sohd. But the fact tliat, for the sphere rotating with top spm, the calculation 
usmg mtegrals at mfimty does not give a lift at all, seems to indicate that the 
method cannot even be relied upon to give a good approximation to the motion 
at mfimty. 

Finally, I wish to express my thanks to rrofessor Filon, both for the ongmal 
suggestion of the problem of flow past a spinning sphere, and for the great 
interest which he has shown in the matter 


2 L 2 
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Sumnuty 

The flow of vi'^coiiH liquid pant a Bpinnin}; nphore ir investigated by ineanR of 
Osccn’s approxiiiiale equations, it lieing amumed that these equations can bo 
used to determine eoeiflcicnts from boundary conditions Thi* known solution 
for flow past a lixed sphere is combined with a solution which is appnipriate 
to the altered boundary conditions at the surface of the sphere These boundary 
(onditions are satisfied approximately, as m Oscen’s solution for the fixed 
‘^phere When the sphere is rotating almut an axis y perpendicular to the 
direction j ot the stream, observation requires that there should be a lifting 
force on the* sphere perpendicular to both x and y, the sign being in general in 
accordani'c with tlu' Kiitta-.Toukowski theorem for a perfect fluid On calcu¬ 
lating this fon c from integrals over the spheiv we obtain a force in the opposite 
direction to that gi%en by the Kutta-Joukowski theorem If we calculate 
the lift from integrals at infinity, we obtain the value zero The discrepancy 
lietweeu the two values is verified by a transfomiatimi of the sin fine integrals 
On investigating the known solution for a rotating tirculnr eylmder .1 similar 
discrepancj in the values of the lift given by the two methods is found In 
lliis solution, however, the ealoulation using mtegrals at infinitv gives ,1 value 
in agreement with the Kutta-Joukowski theorem, while the e.ileiilution by 
means of integrals over the body gives half this value The cause of the dis- 

< repancy lies in fhe neglect of the inertia terms « ~. eti wliirh m the neigh- 

ri* 

bourhood of the soliil are of the same order as U ^, which is retained The 

dx 

discrepancy and the disagreement of the results with observation show that it 
Oscen’s equations are used to determine coeflScients from boundary conditions, 
we cannot rely upon obtaimug a good approximation to the motion either 
near the solid or at infinity 
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r/w' Scafteriny of ElccftOHn hy Metnf Vointun^. 11. -Zinc 

By E (’ Childs, Ph D , Exhibition of 1861 S**mor Student, Clare (Allege 
Cambridge, and H S. W Masset, Ph D , Kxhilution of 1861 Senior 
Student, Trinity College, Cambridge 

(Commumcnted bi Cord Kutheitnrd, () M F H 8 -llctoived Juin- 9, 1933 ) 

In a preMous paper* the importance of ox|)eriinenlaI investigations of the 
scattering of electrons by metal vapours was pointed out It appears probable 
that the diffraction effects which occur in the elastic collisions of electrons 
with gas atoms arc mamly detennmed by the ratio of the wave-length of the 
incident electrons to a certain atomic distance This distance is such that 
the potential energy' of the electron in the atomic field at this distance is 
comparable in magnitude Mnth its initial kinetic energy If this lie correct the 
determination of atomic and molecular fields by scattering experiments can be 
readily carried out by comparative methods and it is therefore important to 
test the validity of such an interpretation of the diffraction process This 
can only be done by a wide senes of investigations of electron scattenng by 
atoms with a great vanety of electxon structuies. As only the rare gases car 
be investigated m the gaseous state it is essential to develop methods of 
measunng the scattenng from metal vapours In Paper I a techmque 
suitable for such measurements was desenbed With its use cadmium vapour 
was mvestigated and the comparison of the results with those obtamed in 
mercury vapour confirmed the idea ontlmed above. With the electron energies 
used (4-48 volts) the .scattering should be due to the outermost shells of the 
atoms These are of very similar dimensions and electron density for mercury 
and cadmium and hence very sunilar angular distnbutions are expected and were 
in fact observed. In the present paper the mvestigatious are extended to 
zinc vapour for a range of electron energies from 4 -143 volts, and the results 
obtained throw fiirther light on the applicability of the general method of 
viewing the phenomena outlined above 

1. Detonptum of Apparatus and Experimental Procedure .—^The apparatus 
used was identical m essentials with that described in Paper I A homogeneous 
beam of electrons was fired through a cloud of metal vapour issuing fitom a 

* • Proo. Roy. 8oe ,’ A, vol, Ul, p. 473 (1933). This paper will be reforred to as Paper I 
in the following. 
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uioular apertim' in an oven and the 8cattorui}( was ineaaurod by a Faniday col¬ 
lector. Th(* variation of intensity with angle of scattering was measured by 
rotating the source about an axis coincident with that of the oven Owing 
to the smallness of the scattering volume the vapour pressun* of the metal 
may be taken as constant ovei the volume 

Difficulty was ex(x-nence<l in the uolh'ctmg system of this apparatus owing 
to condensation of metal vapour This deposition caused a pad of metal to 
build up on the lon-repellmg electrode, which eventually became connecteil 
to the outer case It was then impossible to make use of this electrode to 
prevent the collection of positive ions when working at electron energies above 
the ionization energy of the vapour For this reason the ion-reix*lIing eloctroile 
was ehminated and ions weie rejected by inaintainmg the outer case at a small 
positive potential (up to 3 volts) above the rest of the scattenng space This 
procedure has been used previously* and is known to have a n^hgible dis¬ 
turbing effect for the electron energies for which its employment is necessary 
In practice, for electron energies greater than 80 volts it was not possible 
to reject all the ions Under these conditions the positive ion current alone 
was also observed at each angle by prev'cnting the collection of electrons with 
a suitable retardmg potential on the Faraday cylmder In this way the 
correction necessary to the observed electron currents could be determmed 
As the ion current was small compared with the electron current except in 
the region of a difiroction minimum at a large angle, this procciliiro leads to 
satisfactory results 

Owing to the higher temperature (600" C) required for the evaporation ol 
zinc, tlie oven heaters were wound with molybdenum wire of 0 3 ram diameter 

Specially pure zme was employed and, before mtroduction into the oven, 
was outgassed by melting in r'acuo. The oven having previously been mam- 
tained tn vacm at a bright red heat for 8 hours, the zme was then introduced 
and the apparatus rebaked to 400" C. for a further 8 hours Evaporation of 
the zme proceeded m the same way as cadmium, and the expenraental pro¬ 
cedure adopted was the same as desenbed m Paper I. Smular precautions 
were taken to mamtam constancy of vapour pressure durmg measurements 
and to prevent contamination with mercury. Control readings were also taken 
with argon. 

Results and Dtscusswn —Angular distnbution curves were obtamed for 
4, 8,13,18, 2S, 28, 38, 48, 58, 78,118 and 143 volt electrons and are reproduced 


Biilliinl nnd Mnnw N , • J'rcK Roy Sw ,’ ^ol 130. p 'i79 (11131). 
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in 1. 2, a and 4 Tlie variation of intensity of scattering at 60® with 
elcftron energy is illustrated m fig. 5 This curve enables the angular dis- 
tnbutiuns to be reducerl to the some scale, a procedure rendered necessary by 
slight Muiations of vapour pressure and slit widths during the complete 
experiment 



i-jc 1 --\iigulardwtnbution curves for 4,8 and 13 volt electrons Bcatterwl by Jiiiu vapour 
irir purpotk-n of coinpaiison corresponding curves for mercurv vapour measured by 
Arnot nre also shown 

Th.^ \anation of the cross-section for elastic scattering betwe.en angles of 
2(1'" and 140® with electron energy, obtained by graphical mtegiation of the 
angular distributions, is illustrated in fig. 6. This curve is compared with the 
(arresponding curve obtained by Brode* for the total cross-section by direct 
measurement with a Tiamsauer type of apparatus. Exact agreement of the 


• Fhys Rev vol M, p .W4 (19:«l) 
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two curves is not to be expected as Brode’s cross-section includes scattering at 
all angles and also inelastic collisions However, the main features of Brode's 
curve are reproduced It is of interest to notice tliat the maximum m the 
iToes-scction m the region of 60 volts is to lie expectwl from the theory of Mli" 



I'H) 3—Angular dutnbution curves for 18, 23 and 28 volt elcciroiiH wntteriil by /iiir 
vapour. Curves for mercury (obtained by Anot) are also shown 

and Morse * In this theory the ctoes-section is calculated using a 8implifie<l 
model for the atonuc field based on certain rules given by Slaterf and it is of 
some mterest to note that these rules give good results even for an atom with 
such a complicated external structure as amc. We will now show that the 

* ‘ Z. Physik,’ vfA. 70, p. 667 (1931) 
t ‘ Ph\Ti Rev vol 36, p 67 (1930) 
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Kia 3 —Angular diatrtbuttou curves for 38, 48 and .18 volt eleotrons <KattereiJ iiy turn 
vaiKiur Curves for mercurc (nhtnineil bv Amol) art' also shown 



Fie. 4.—AwgiiUr diatnbatkm ourvea for 78, 118 and 143 volt elcotnma scattered by imo 
hI Tepoar. Onrvw for mnroruy are also shown. 
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angular diatributiona may also be calculated with fair accuracy using an 
atomic held based on a slight modification of these rules. 

The number of electrons scattered per umt solid angle by an atomic field of 
potential — V (r) is given by* 

I f0) = -^ i X,, («*«» - 1) (2« + 1) 1*„ (cos 0) I *, (1) 

where ‘Injk is equal to the wave-length of the electrons and the phases H,, are 
defined in terms of the solutions of the equation 




M-fi) !,, 
f* I 


Cl) 


The solution which is zero at the ongm has the asymptotic form 

M '■ sm {It - ^TtM -| ^„) (1) 

It IS not possible to solve (2) analytically for any atomic held and it is thcndoi'o 
necessary to resort either to direct numerical mtegration of the (‘ipiations (2) 
for vanous values of «, or to an approximate method. Such a method has 
reiently been mtroduced by Henneb«*i^ and by Massey and Mohr ^ Acconling 
to this method we may take 

K - j" I f V I* dr p (*** - '' ^ j ‘ dr 

where »•„, e„ are the greatest positive zeros of the respective integrands, pro 
vided 8„ 18 > 1 (that is to say, for small values of n) Foi lai-gc n <nich that 
8„ < 0 5, w c may use Bom’s approximation 


The phases for intermediate values of 8„ may then be obtained by inter¬ 
polation This method has already been appbed to the calculation of the 
Hcattermg of 136, 480 and 800 volt electrons m mercury vapour by Henneberg 
{loc cit), good agreement with the curves observed by Amotlj being obtained, 
and it is accurate provided the electron energy is not too low By com¬ 
parison with the results of Holtsniark’s exact numerical integrations tor argon4 

* Faxen and Holtamoric, ‘ Z. Phywk,’ vol 45, p 307 (1027) 
t ‘ Xaturwiss,’ vol 30, p. 561 (1932) 

+ ‘ Nature,’ vol 130, p. 276 (1032). 

St’Proc Roj.Soc,’A, vol 130, p. 065 (1031) 

, ‘ Z PLjsik,’ vol .Vi, p 437 (1029) 
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it was found that the method should give results of sufficient accuracy provided 
the electron energy is greater than :M) volts 
It remains to detemune the form to be used for V(r) for zinc. For r ' 
■where is the radius of the M shell of zinc given by Slater’s rules the Feriiu- 
Thomas* values for V were used For r > the Ferim-Thomas field is 
inaciurate while Slater’s rules are not applicable to the N electrons of zinc 
as thev do not predict the correc-t lomzation potential The value of the 
«‘fTts tive nuclear cliarge m which the N electrons move was therefore adjusteil 
to give this potential correctly. It was then found that the radius of the 
outer shell is 2*1 A. and the efiectivo nuclear charge Zptr aotmg on the N 
electrons is 3 8 With this value of Z,.if the potential of the atomic field 
given by Slater’s rules agrees with that given by the Fermi-Thomas model at 
f = so the field for r ■^* *o was obtained by smoothly extrapolating the 
Fermi-Thonias potential for r = r®, to a value of zero at fo = 2 • 1 A 
The calculations were earned out for 30, 64 and 122 volt electrons and the 
comparison between observed and calculated curves is illustrated m fig 7 
The comparison has been affected by adjustmg the ordmates of the observed 
and calculated 30 volt curves so that the heights of the first maxima of the 
two are equal. It will be seen that the general agreement obtamed is very 
satisfactory Tlie chief discrepancy consists m an angular displacement between 
the two curves at small angles This is undoubtedly due to underestimation 
of the atonuc field at large distances 
A striking feature of the observations is the similarity of the curves obtained 
for zme below 60 volts with those obtained for mercury vapour by Amot (h>r 
c*<.) (see figs 1, 2, 3) The similanty between oadnuum and mercury at all 
voltages mvestigated (up to 60 volts) has already been remarked m Paper I 
In that paper this similanty was shown to be a consequence of the similar 
electronic structure of the outer shells of the mercury and cadmium atoms and 
w ould be expected to persist to qmte high energies of impact. With zinc it may 
lie shown in a similar way that the resemblance should be apparent at low 
voltages, for which the scattering arises mainly from the outer portion of the 
atomic field, but should disappear when the electron energy becomes comparable 
with 100 ^oltB This behaviour may be obsOTved in figs. 3 and 4 For the 
lower voltages (less than 26 volts) the behaviour of meroury more closely 
reeembles that of zinc than cadmium, as may be seen by compatsion of figs. 1 
and 2 of this paper with figs. 1 and 2 of Paper I, and also by reference to fig 5 
This result is to be expected &om the values of the ionization potentials of the 
• ‘ Z Phywk,’ Tol. 48, p. 73 (1828). 
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three atoms, tluit (10-4 volts) of merenry being more nearly equal to tliat of 
zmc (9*4 volts) than that (8-9 volts) of eiulmnnn, and it has also been observwl 
by Brofle* m the absorbing cross-scetions of the atoms for slow electrons 
The cui^es given in this papi'r and in Paper I should make possible a more* 
pieeis<‘ deterinination of the fields of the ziiii and railmiurn iitoiiis at large 



Fio 7 —Oompanson of observed and caluulated angular distribution of 'lO, IH and 122 
volt cleotrona eloatioally scattered by zinc atoms. 

(i) --Call ulated 122 volts,-obstrvod 118 volts (u) - - Cilvulatod 64 

\olts,-oliserveil 48 (in) — Cstrulated 30 volts ,-nlworved 28 

\olt8 

♦ ‘ Phys R.-V \ol S.'i. p .704 (1930) 
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diatances. However, as the form of this field w most effective in determmmu 
the shape of the angular dLstribuhon curves for such low velocity electrons that 
the approximate method used m the above calculations is no longer accurate, 
no attempt has yet been made to carry out the necessarily lengthy calculations 
required 

It 18 a pleasure to express our thanks to Lord Rutherford and f)r J (Miad- 
wick for the interest they have taken in these experiments 

Sumtnary. 

Measurements of the atigular distributions of 4, 8, 18, 18, 23, 28, 38, 48, 58, 
78,118 and 143 volt electrons scattered elastically m zinc vapour are desenbed 
The resulting curves are compared with theoretical ounces calculated by the 
use of a modified Femu-Thomas field for zinc and Fax6n and Holtsmark’s 
theory of scattering, good agreement being obtained The relation of tlic 
scattering curves observed for zinc to those observed for cadmium and mercury 
IS also discuased 


The Exchange of Energy bdween Gas Atmns and Solid Surfaces 
III,—TAc AcxwnmodcUion Coejficietvt of Neon. 

By J K Robebtb, Fh D,, Moseley Student of the Royal Society 

((’ommumcated by Lord Rutherford, 0,M , F H 8 —Received June 10, 1033 ) 

In two earlier papers* experiments have been desenbed on the measurenient 
of the accommodation coefficient of helium with a tungsten surface free from 
films of adsorbed gas Simdar expenments have now been earned out with 
neon. 

The experimental technique was exactly the same os with heUum and has 
been fully desenbed m the second of the earlier papers The values of the 
accommodation coefficient of neon at 79°, 195°, and 295° K are given in the 
table together with the values for hebum, and are plotted as a function of the 
temperature in fig. 1 The same wire was used as m the helium expenments 
so that the results for both gases will be equally affected by any roughness of 
the surface The results have been confirmed usmg a second wire 

♦ Roberts. ‘ Proo Roy Soo ,’ A, vol, 129, p 146 (1930), \o) 135, p. 192 (1932) 
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The value 0 07 for neon at room temperature may be compared with the 
older values of about 0 6 obtamed with ordmary surfaces covered with adsorbed 
films Similar high values were obtamed m the present experiments if the 
surface of the wire was not cleaned by flashing 



Comparuum with Eh'ilic Sphere Theoty 
Developing tlie earlier approximate methods of Jackson and of Zener, 
Jackson, and Mott* have given an accurate one dimensional theorj' of the 
interchange of energy between monatomic gas atoms and the atoms of a solid 
surface, assummg that the attractive forces between the solid and the gas 
atoms are negligibly small. If the potential energy due to repulsive forces of 
a gas and a sobd atom separated by a distance r is given by Ce“*^ where C 
and X are constants, the theory shows that the accommodation coeihcient for 
gas and solid atoms of given masses depends on the value of X and increases as 
X increases 

* Jackson, ‘ Proc ('amb. Phil. Soo vol 2S, p 136 (1332), >Sener, ‘ Ph)s Kev.,' voi 
37, p 567 (1931), vol, 40, pp 178, 336 (1032). Jackson and Mott. ‘ Pro. Koy. Soc ,’ 
A, vol 137, p 703 (1932). 
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If the atomB behave as elastic spheres, the theory shows that the ratio of the 
accominodaiaon coefficients at a ipven temperature of two monatomic gases 
with a given solid should be the same as the ratio of the atomic weights, that 
IS, the accommodation coefficient of neon should bo about live times that of 
helium. Experiment shows that at room temperature the ratio is only about 
1-2.* We may therefore conclude that the atoms do not behave as elastic 
spheres 

The theory accounted satisfactonly for the type of temperature variation 
observed m helium, and the helium results alone suggested that the atoms do 
not behave as elastic spheres, but they were not qmte conclusive on this pomt 
owing to the unknown factor of the roughness of the suifae.e Actually the 
values given by the theory for elastic spheres agreed reasonably with the 
experimental values for hehiun, but it must be remembered that the theory 
gives values for a plane surface, while the actual siirfare of any wire is almost 
certainly rough The eflect of this roughness is that an appreciable fraction 
of the molecules leaving the solid will stnko it again m another place beiore 
finally esoapmg The true value of the accommodation coefficient for a 
smooth surface will therefore always be less than the measured value (leneral 
considerations os to the likely appearance that a surface built up of micro- 
crystals would present to a gas molecule in its neighbourhood would lead us to 
expect a factor of about 1 • 5 or 2 for this effect, and, if we assume such a factoi, 
the helium results do not agree with the theory for elastic spheres, but suggest 
that X for helium and tungsten is about 4 or 6 10* cm 


HepuUwe and Attractive Force*. 

The interpretation of the neon results is compheated by the fact that the 
attractive force exerted by a tungsten surface on a neon atom at a given distance 
IB much greater than that on a helumi atom at the same distance The presence 
of some such complicatmg factor is mdicated immediately by a comparison 
6f the curves for helium and neon m fig. 1, which shows that the temperature 
vanation is qmte different for the two gases. The difficulty m mterpretation 
IS that, while the theory given by Jackson and Mott for the case when attractive 
forces are absent is exact, only approximate methods have been developed for 

* We shall oODsider later the eSeot of attractive forces, and shall see that their effect 
m tn increase the aooommodaticm ooefBoieat. Attractive forces will be more important 
for neon than for helinm, so that for elastio spheres with attractive foroes the ratio of the 
accommodation coefibuent of neon to that of helinm would be greater than five 
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taking into account the effect of attractive forces In consequence of this no 
great reliance can be placeil on the numerical values of the force constants 
obtained, but the companson between theory and experiment carried out 
below shows that, if an accurate theory were available, the experimental results 
would enable us to determine the force constants within reasonably narrow 
limits 

As a result of the attractive force the potential energy V of a gas atom a< 
a distance x from the solid surface is given by a curve of the typo shown m 
fig 2 The appruxiniutc theories of the effect of the attractive forces of 



Jackson and of Zener* both give the effect in terms of the quantify mdicated 
in fig 2 by <f>, which is a measure of the energy of adsorption Usmg Jackson 
and Mott’s theory modifieil by Jackson’s methods to take into account the 
effect of the attractive forces, the theoretical valucsf for the accommodation 
coefficient of neon shown in fig 3 are obtained (these values are not oorreoiod 
for roughness) The curves for a given value of the repulsive force constant 
X arc all shown under each other, and the value of <f> corresponding to 

• Jacksou, • Proo Camb Phil Soo vol 28, p IfStt (1932), soo also Jookaon and Mott, 
loc eU .p 713 , Zener, ‘ Proo. Camb Phil. Soo ,' vo). 28, p 136 (1933). 

t The only transitions of the osoiUator (solid) that have been inoludud m the oaloalationi 
are those in which the quantum number changes by one, but Jackson and Mott have shown 
that the errors mtroduoed by neglecting other transitions ate small 
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each curve is vmtten on the curve. ^ is measured in calories per gram 
molecule 

It will be seen &om the figure that, if we assume a roughness factor of 1 5, 
a repulsive force constant X == 2*07 10* cm and an energy of adsorption 
of 2460 calories per gram molecule would give an almost constant observed 
accommodation coeihciont of 0-076 which agrees with what is obtamed experi¬ 
mentally For higher values of X than this the theoretical curves, when a 
value of <j> IS taken sufficient to give a theoretical result of the right order at 
room temperature, all fall off too rapidly with temperature The theoretical 



(«) (6) (r) 

Kio 3—<«) X - 2 07 10» om , (6) X = 3 30 10* oni-‘, (c) X 4 13 10» cm -> 

results must give both the correct value for the accommodation coefficient 
and the correct shape for the curve showing the temperature variation These 
two conditions enable both X and ^ to be fixed withm limits 
The above considerations will also explain the rise m the accommodation 
coeffiment of hydrogen as the temperature falls below room temperature 
which has been observed in the experiments of Blodgett and Langmuir and 
of Rowley and Bonhoeffer,* but the detailed application of the theory to a 
diatomic gas would be difficult. 

* Blodgett and Langmun,' Phys Rev vol 40, p 78 (1033), Rowley and Bonhoe&er 
‘ Z. phya Chem.,’ B, vol 21. p 84 (1033) 
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Upper Limtt to Reptdswe Force Conatant 
The curve m 6g 4 shows the value of the accommodation coefficient for 
neon and tungsten at 300“ K for different values of X obtamed by neglecting 
the attractive force altogether, so that the accurate theory of Jackson and 
Mott (»n be used * We have seen that the effect of the attractive force is 
to mcrease the accommodation coefficient above that which would be obtamed 
if only the repulsive force were present An upper limit to the value of X can 
therefore bo obtained by finding the pomton the curve which corresponds to the 
measured value of the accommodation coefficient at room temperature If we 
take the measured value 0 07, the value of X from the curve is 5 9 in'* cm , 



and, if we assume a roughness factor of about 1 -5, so that the measured value 
for a smooth surface would bo about 0 047, the value of X from the curve is 
about 6 10** cm We therefore conclude that for neon and tungsten the 
value of the repulsive force constant X must be less than 6 or 6 10** cm.~* 

In conclusion 1 should like to thank Lord Rutherford and Professor R H. 
Fowler for their continued mterest in the progrees of this work 

Summary 

The accommodation coefficient of neon with a tungsten surface free from 
adsorbed films has been measured and found to be 0-07 at 296“ K and to 

* It should be mentioned that as X oo the curve would approach a constant value of 
0 26 for the accommodation coefficient. 

2 M 2 
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vary very little with temperature down to 79" K The value obtained with 
an ordinary surface covered with adsorbed films is 0 6. 

Prom the accurate one dimensional theory of Jackson and Mott and these 
results it IB possible to draw the following conclusions — 

(1) From the ratio of the accommodation coefficients at room temperature 
of helium and neon the repulRive forces between tungsten atoms and the gas 
atoms are not similar to the forces between elastic spheres. 

(2) If the potential energy due to the repulsive force between a tungsten 
.itom in the solid and a neon atom at a distance r is given by Ce where 
C and X are constants, X is not greater th.in 5 or G 10’ cm 

The experimental results are compared with an approximate theory takmg 
into account the attraction between the solid and the gas atoms and it is shown 
that the results enable us to choose within limits the repulsive and attractive 
force constants, and it is pomted out that we need a more accurate theory of 
the effect of attractive forces m order to obtain from the expenmental results 
reliable values for these constants 


The Kinetics of the Reaction between Hydrogen and NUrous 
Oxuh -I 
By II W. Mklville 

(Comnumicated by J Kendall, F R S •—Received .Tune 10, 1933) 

Until about five years ago, the theoretical treatment of the mechanism of 
the oxidation of simple molecules had been comparatively neglected. Prior 
to this, however, considerable progmss had been made m the study of the 
kinetics of thermal and photochemical gas reactions Tliat knowledge has now 
been surccssfiilly applied and extended to solve some of the major problems 
in combustion chemistry, and thereby has given rise to the development of the 
theory of thermal chum reactions Hitherto, the investigation of these 
reactions has been confined almost entirely to oxidations by molecular oxygon • 
It IS known,t however, that many gases igmte mimtrous oxide at about the 

* Exooptioiui aro the Qt, Br, and HBr sensitised decomposition of 0, , Bodenstein, 
Padelt and Sohumaoher, ‘ Z. phys Chem.,’ B, vol 6, p 200 (1920), Lewu and Foitknecht, 
‘ J Amer. Chem. Soc.,’ vol 63, p 2010, p 3606 (1931) 
t Dixon and Higgins, ‘ Proc Mane. Phil. Soc ,’ vol. 71, p. 17 (1927) 



625 


Reaction between Hydrogen and Nitrous Oxide 

same temperature as they do in oxygen, and it nught be anticipated that here, 
too, a cham process is m operation. The object of studying the interaction 
of hydrogen and mtrous oxide was to deternune whether it is a chain reaction, 
and if so, to make a detailed analj^is of its mechanism bv the kinetic method 
One of the first cntena in looking for the powibility of the propagation of 
chains m a gaseous mixture is that the redaction must be exothenmc This 
condition is amply fulfilled in the present instance, for 75 k cal are bberated 
per mole of water formed Indeed, the reaction is oven more exothermic 
than the formation of one mole of water from hydrogen and oxygen, when 
only 50 k cal are evolved. This greater exothcrmicity is due to the fact that 
46 k.cal. are required to dissociate 1 mole of NgO into Nj and 0, whereas the 
production of 1 mole of O atoms from Oj requires about GO k cal. 

There was another important reason for choosing NgO as one of the partici¬ 
pants in the reaction Recently, the kinetics of the decomposition have been 
very thoroughly worked out,* and it is now thought probable that the first 
step m the thermal decomposition is the formation of a mtrogen molecule 
and an oxygen atom from an excited molecule, the necessary energy of activa¬ 
tion being derived from a collision between molecules of a sufliciently high 
energy content In addition, experiments have shown what effect inert gases 
exert on the rate of production of those activated molecules 
Several other interesting points arise out of the use of the NgO molecule, for 
example, there is only one oxygen atom available and the nitrogen molecule 
may, m statable circumstances, play the part of an energy scavenger. Hydrogen 
was chosen as the other reactant for the reason that since the kmetics of the 
Hg-Oj reaction have been worked out m some detail, they might prove helpful 
m clucidatmg the mechanism of the Hj-NjO reaction It is hoped, however 
to extend the expemnents to the reactions of other simple molecules with 
mtrous oxide. 

The H,-NgO reaction has been studied on the surface of a platinum filament 
by Cassel and Qluckauff at low pressures and with an excess of hydrogen, 
under these conditions there is a complete change in the mechanism as the 
temperature of the catalyst is increased beyond 775° C Similarly Hinshel- 
woodj found at high pressures that the kmetics of the reaction differed depend- 
• Volmcr and Knmmerow, ‘ Z phys Chem B, vol 9, p 141 (1930), Nogasako and 
Volmer, tlitd , vol. 10, p. 414 (1930). vol 11. p 420 (1031), Volmor and Kroolioh, thid , 
vul. 19, pp 80, 89 (1932), Musgrave and Hinaholwood, *Ptoo. Boy. Soo A, vol 135, 
p. 23 (1032), tM.,voI 137, p. 25 (1932). 
t ‘ Z phys Chem.,’ B, vol. 19, p 47 (1932). 

{ • Proo Roy. Soo.,’ A, vol, 106, p 202 (1024) 
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ing upon whether the N,0 or the H, were iii exce^ The possible beanng of 
these observations on the results to be described below will be discusswl later. 

When hydrogen was sealed up with nitrous oxide at about atmosphenc 
pressure m a Jena glass bulb, Hinshehvood* notired that the rate of formation 
of water was no faster than the rate of decomposition of mtroiis oxide at about 
7(X)° C It was suggested that the first stage in the reaction was the decom¬ 
position of nitrous oxide mto mtrogen and oxygen molecules, the oxygen 
thereafter being quickly removed by combination with hydrogen, since the 
Hj-Oj reaction is very rapid at this temperature The net rate is determined 
by the slowest process, namely, the decomposition of the lutrous oxide It 
IS to be observed, however, that at the lower tein|)erature3 used m these 
expenments, the rate of HgO formation was somewhat faster than that of the 
decomposition of NgO 

In sharp disagreement with these expenments are the results of Uixon and 
Higgins {loc at ), who found that a jet of hydrogen inflamed spontaneously 
in an atmosphere of nitrous oxide at about 650° C , or 150° lielow the tempera¬ 
ture of Hmshelwood’s experiments, where the rah* of decomposition of N20 
18 very small The temperature of ignition depended on pressure and was 
preceded by an induction pcnoil In tins latter dynamic method the com¬ 
position of the imxture could, of course, vary within wide limits It is one of 
the objects of this paper to determine, if possible, the reason for this dis¬ 
crepancy 

The question of the mechamsin of this reaction can be most logically 
approached by considering the possible ways in which it might occur - 

(1) Heterogeneous reaction, exclusively on the walls of the reaction tube 

(2) Homogeneous biniolecular reaction, H, -f- NjO -► H,() f- N, 

(3) Decompwition of NjO followed by rapid oxidation of Hj, i e , 

N,0 -f N,0 = 2N, +- O, 

2Hj -b 0, - 2H,0 

(4) Cham reaction various mechanisms 

While the possible types of reaction have been separately classed above, the 
cham process may include 1, 2 and 3 smee (a) initiation of the chain may be 
homogeneous or heterogeneous, (6) similarly, termination may occur m the 
gas or at the walls, and (c) propagation probably involves a senes of bimolcciilar 
encounters. 

•‘Proc Boy. Soo.,’A, vol 106, p. 292 (1924) 
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The firat point to be settled about this reaction is, therefore, the class to 
which it lielonKS , the second, by extending the experiments in suitable direc¬ 
tions, to determine, as far as the present method will allow, the nature of the 
individual proeess<-s leadmg to the final products, which appear to be iiuinly 
Nj and H,0 

Kj pt-nmenlal 

Considenitioii of the equation Hj— Ng-f-HjO shows at once 
tliat there is no pressure change during reaction, and therefore it would appear 
that the convenient and sensitive manometric method could not be employeil 
for mcasunng the velocity By withilrawal of the water by absorption with 
PjOj nr CaClj, the resultant decrease in pressure may be used as a nieasiiic 
of the extent of reaction 

Tlie apparatus consisted of a silica reaction bulb pluck'd in an clectru furnace 
The bulb was provided with a wide neck (1 7 i m diarneb'r) and a silica-glasa 
ground joint so that a porcelain boat containing PjOj or (’a 0 l 3 could be laserted 
in the neck just outside the mouth of the furnace The volume of the “ cold ” 
parts of the reaction bulb system was reduced to h*ss tlian 5% of the total by 
packing with glass lieads Tn order to ensure rapid and thorough mixing of 
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the reactants, the gases were lead from the reservoirs directly into the imddle 
of the bulb by a silica tube 3 mm in diameter as is shown in fig. I. Neglect 
of these precautions led to the variation of the kinetics with the order of addition 
of the gases to the reaction tube owing to the time required for mterdiffusion. 
Such a variation was exaggcjated to some extent for, as will be seen below, 
the rate of reaction is nearly independent of the concentration of hydrogen and 
directly dependent on that of nitrous oxide. In some bulbs there was fused 
to the neck a wide side tube which could be immersed m a COJethat bath at 
— 80“ C. The bulb was connected to a mercury condensation pump for 
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evacuation and to a number of reservoirs A capillary mercury mano¬ 
meter served as a pressure gauge The temperature of the furnace was 
manually controlled to withm 1“ C in the range 500°-80{)“ C , using a Pt/Pt-Rh 
thermocouple and millivoltmeter Nitrous oxide was obtained from a cylinder 
and contained not more than 0*2% air. This gas was first dned by slow passage 
over PjOj, then collected m a liqmd air trap and fractionated. The hydrogen 
was electrolytic and was freed from traces of oxygen by palladized asbestos 
and dned with PiOj. Argon and mtrogcn were freed from traces of oxygen 
by passmg over a tungsten RIament at 2000® C 
The absorbmg agent has to lie situated just outside the furnace and therefore 
the water vapour requires a short time to diffuse to the OaCli. Such a time lag 
between production and removal leads to the establishment of a “ stationary ” 
concentration of water vapour m the reaction tube. 

The first problem to be solved was the determmatiou of this stationary 
concentration, and the second, to find if the variation in p|{| 0 > < 11 * must inevitably 
occur dunng the progress of the reaction, had any measurable effect on the 
kinetics A reaction tube 10 cm. long and 2'6 cm. m diameter was fitted 
M ith a side tube 7 cm, from the centre of the reaction tube itself, 100 mm. of 
a 1.1 H, N,0 mixture were passed into the tube and the reaction allowed to 
go for several minutes at 660® C The water was then condensed out by 
coolmg the side tube and the pressure of the residual H|-N|0-N, mixture 
determined. A similar oxpenment was then made except that the side tube 
was kept cool from the start After making duo allowance for the coolmg of 
the side tube on the pressure of the non-condensable gases, it was found that 
13*5 nun. H^O were produced m 6 min. when H^O was allowed to accumulate 
while 16*6 mm. were obtained if 11*0 was removed continuously Water 
vapour is therefore an inhibitor at these pressures Similar results were 
obtained with a 7 cm. bulb, m these expenments the gases were removed for 
analysis by a Topler pump. The rate of reaction, on allowing the H,0 to 
accumulate, was smaller than that m which the HgO was removed at intervals 
and the gas mucturc readnutted to the reaction bulb 

An approximate estimate of the stationary concentration may be made m 
the following way. If U is the rate of reaction (millimetres per second) and 
T the time m seconds required for an UgO molecule to diffuse to the absorbmg 
agent, the pressure of HgO (pu,o) m millimetres will be given by 

B • T = paja. 

T can be calculated from the Einstem equation x* = 2D T where x is the 
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distance the molecule diffuses through a gas of diffusion coefficient D. Takmg 
the above example^ D for 100 mm of N,0 at 1000° K is about 12 cm ‘/sec. 
The temperature of the gas from the centre of the bulb to the HjO absorbent 
IS not uniformly at 1000° K and henco D may bo reduced to 10 cm */aec. 
Although the CaCl, boat was I cm. from the centre of the bulb, x will be 
assumed to have a value of 7 cm as the time for diffusion is proportional to the 
square of the distance On substituting T = 2-5 sec , R = 16-6 mm /360 sec , 
Ph,o is 0 • 11 mm , which is insuffi.oient to retard the reaction to any appreciable 
extent or to affect the manomotcr readmgs In the experiments to bo described 
below, the rate ibd not exceed 0*2 mm /sec, nor did the pressure exceed 
300 mm., m which circumstances j>n,o would be 1 mm and the retardation 
would not exceed 2% The manometer would therefore indicate the pressure 
of H„ N,0 and N„ m the most adverse case, to within 1 mm. or 0*3%, which 
IS withm the limits of experimental error 
To make absolutely certain that the variation in this small stationary 
concentration of H,0 did not influence the reaction, a bulb was set up with a 
somewhat longer neck so that the CaCl| boat could bo situated at a distance 
from the mouth of the furnace A run was then made with the boat at the 


Table 1 

Temperature 666° 0 2*6 cm diameter reaction tube 



furnace (position 1) and a second run with the boat placed 5 cm from its 
previous position (position II) In the second position the molecules would 
therefore require to diffuse a further 6 cm. through a cold gas mixture; the 
tune of diffusion would mcrease about 10 times and with it the value of ^h,o 
A s can be seen from an examination of Ap (pressure decrease) m Table I, 
no dimmution occurs in the rate with the boat m the second position. The 
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reaction exhibitH an induction penod which is characteristic if the hydrogen 
is admitted to the reaction tube before the mtrous oxide * Exponments were 
also made to see if any dilfenmce in results was obtained by using P, 0 ( or 
GaCl| as H 2 O absorbent, but no variation in rat(> could be detected. 

The method is therefore suitable for a study of the reaction provided, (a) 
the total pressure of the mixture does not exceed lialf an atmosphens (5) 
the rate does not exceed 0*2 mni /sec . (c) the absorbing agent is close to the 
reaction bulb 


Re^tdln 

Contparmon of Rate of RetuAion inth the VeatmpoKitwn Rale of NjO -In 
view of the observation of Hiiislielwooilt that the rate of lljf) formation was 
no faster than the rate of decomposition of N^O it was of importance to deter¬ 
mine if this occurred in the present experiment In Table IT the first experi¬ 
ment 18 a run with all Hj-NjO mixtim* and the second a decomposition 
run for NjO at a somewhat higher pressure 


Table II 

Temperature BIS'’ (' f) cm tulie 



H,-N,0 


N|U bIoiif 

‘ 


tip 


P 

Jp 

0 

97 0 

- 

0 

1 296 4 


0 6 

93 2 

3 8 

6 

' 298 0 

2 4 

1 0 

88 8 j 

8 2 

10 

100 2 

4 8 

1 5 

1 84 8 

12 2 

16 

302 4 

7 0 

2 ' 

81 6 

16 4 

20 

306 0 

U (1 

3 

77 0 1 

20 0 

26 

1 307 4 

12 0 

4 I 

73 4 1 

23 6 

30 

, 309 0 

' 13 6 

s 1 

71 2 1 

26 8 

36 

311 4 

1 16 0 

6 

68 8 1 

28 2 


1 


7 

66 2 1 

30 8 


i 1 



On reducing the rate of decomposition of NjO to 48*5 nun, assummg a 
bimolecular reaction m this pressure range, the initial rate of decomposition 
would be 0‘026 mm /mm compared with 8’5 mm./min of the H,-N,0 re- 
aotaon; the latter is 326 tunes faster than the former. In a long spiral of 
silica tubing, U 4 cm. in bore, at 630°, the rate of the Hj-NjO reaction was 


* Thu iB oaiued by the long neck, since the nitroiu oxide requires a short tune to diiluse 
mto the teaotioa cone 

t ‘ Proo. Roy. Soo.,’ A, vol 106, p, 292 (1924) 
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1 *6 mm /mm., while that for N,0 waa 0*017, the ratio being 90 Using a 7 om 
bulb at the same temperature, the respective values were 22 0 and 0 044 
mm /mm or 500 1 (The smalier rate of NjO decomposition m the spiral 
was due to part of its being close to the mouth of the furnace and therefore 
at a somewhat lower tciiijierature, and to the volume of the tubing leading to 
the Topler pump being uoinparahlo with that of the spiral itself) It will be 
observed that the rate of the H 2 -Nj 0 reaction relative to that of NgO is rather 
greater in wider vessels Xa the NjO reaction is homogeneous at these pres¬ 
sures, the merease must be duo wholly to the Hg -NjO reaction 

Packituj ExpennufUs —The effivl of {lacking a reac tion tube with the same 
material of whieli it is made provides a gient deal of information about the 
nature of a gas reaction If puckuig increases the rate, the leaction is pre¬ 
dominantly heterogeneous, if there is no change m vehxjity, the reaction is 
probably homogeneous On the other hand, it packing retards the rate*, it 
may lie aasumed that the process involves some kind of chain mechanism, 
since inhibition by surfaces has been .shown to be a defimte* characteristic of 
cham reactions 

A restnction is placed u{)on the method ol larrying out the packing, for the 
diffusion of HjO out of the tube must not be impeded Silica tubes 6 cm long 
and 1 cm. and 0 7 cm external and internal diameter were employed, their 


Table 111 


Temperature 6(50° 1 1 mixture 


t 

1 238 1 

226 

230 


231 

1 

P 

Jp j 

1 " i 

Jp 

^ i 

Jp 

P j 

jp. 

0 

101 0 


103 2 ! 


1 102 0 1 

_ j 

100 8 


0 0 

07 0 

4 0 





07 0 

3 8 

1 

9.2 0 

8 0 

100 8 

2 8 

1 99 0 1 

3 0 

03 0 

7 8 

2 

87 0 

14 0 

06 2 

7 0 

1 04 8 ! 

7 8 

86 0 

14 8 

3 

82 ti 

18 8 

92 8 

10 7 

1 OO 8 ' 

11 8 

80-0 

20 8 

4 

77 6 

23 8 

00 2 

13 0 

' 87 0 

18 0 

78 8 

28 0 

8 





1 - 1 


72 0 

28 8 

6 

72*6 

28 8 

88 8 

17 8 

1 83 0 1 

10 0 



8 

69 0 

32 0 

82 0 

21 2 

78 8 

2.1 8 

: ~ 

1 ■“ 


axes being set parallel to that of the reaction tube itself On packing a 5 cm. 
diameter tube, 10 cm. long, half-full with 20 of these tubes and so mcreasing 
the silica surface about 3*5 times, the results m Table 111 were obtained In 
experiment 226, the tube was empty, m 326 and 230 packed, and 231 empty 
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again Additional experiments (Table IV) were also made with a 2*5 cm 
tube packed completely with similar tubes thus mcreasmg the surface about 
twice In botli tubes, there is a most marked mbbitmg efEeot on packing the 
tube In experiment 246 the rate is reduced to 0 4 of its value m 243 and 247. 
The method of packing in this case really amounted to reducing the diameter 
to 0*7 cm Consequently, if it is assumed, accorthng to the chain theory, that 
tlic rate is proportional to the square of the diameter the rate should decrease 
13-fold. The reason for this wnde discrepancy will be discussed below 


Table IV 



243 

246 

217 


Empty 

Packed 

1 

Empty 


J* 

4p 

L^. J 

L 

j 

4p 

0 

102 C 


103 0 1 


102*0 

~ I- 

1 

00 0 

7 5 

100 0 1 

3 0 

04 0 

8 0 

2 

88 0 

IS 5 

08 0 1 

6 0 

' 88 0 

14 0 

3 

83 0 

10 0 

96 6 i 

1 8 6 

83 0 

10 0 

4 

80 0 

22 0 

03 0 

1 10 0 

78 6 

23 6 

6 

72 8 

30 0 

87 0 1 

16 0 

72 0 

30 0 

S 

00 0 

33 0 

84 6 1 

18 6 

08 0 

34 0 

10 

_1 

07 0 

30 0 

82 6 ! 

! 20 6 

66 0 j 

30 0 


The results could be reproduced withm about 10% over a period of several 
weeks , m mdividual senes, better agreement could bo obtamed It may be 
added, however, that on first putting mto use a tulie which had not been 
employed for some time, the reaction velocity for the first run was consistently 
smaller (m some experiments as much as 50%) than that of the next run, after 
which it remamed sensibly constant, although the tube was baked out m a 
vacuum of 10~* mm 

Effect of Total Prcssvre —1 I mixture was employed for these expen- 
ments and the total pressure did not exceed 300 mm. as is required by the 
calculations mode above The imtial rate (R) of reaction is nearly propor¬ 
tional to the pressure (p) as is shown in Table V by the constancy of the value 
of R/p. Ummolecular constants {k) were therefore calculated for each run 
the figures obtamed are reasonably constant, at least durmg the first half of 
the reaction AVhen makmg these calculations, a slight correction was applied 
since, if the Ap — f (Ap = pressure decrease, t = time) curves ate plotted 
the reaction exhibits a slight mdudaon period of about 5 sec. The times 
used to calculate k were therefore reduced by 0*1 min. Similarly R was 
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Table V 

Temperature 628" 5 cm tube 


264 0 
261 0 
J47 0 
242 8 
288 0 
22U a 
221 4 
214 2 
207 2 
106 4 


24 4 
32 6 
30 8 
40 8 
67 6 


1 lO 
1 21 
1 28 
1 29 
1 31 
1 28 


200 0 
197 6 
104 2 


12 8 
10 0 
26 0 
J1 4 
30 6 
45 0 
61 0 



140. 

■ 7”| 

Jp 


1 

131 

Jp 

0 

I4H U i 

_ 


0 j 

09 4 


0 6 

14(1 2 1 

1 8 


1 < 

90 0 

3 4 

1 0 

143 2 

4 8 

1 28 

2 

02 4 

7 0 

1 6 

140 4 1 

7 4 

1 27 

3 1 

89 4 

10 0 

2 1 

isr 8 ' 

10 2 

1.22 

4 1 

80 8 

12 6 

3 1 

132 6 1 

16 4 

1 1 32 


84 4 

1 16 0 

4 

128 0 

20 0 

1 1 30 

1 « 1 

83 0 

' 16 4 

6 

124 0 

24 0 

1 14 

1 * 

79 8 

10 6 

0 

1 120 8 ! 

27 2 

1 1 30 

10 1 

77 4 

' 22 0 

8 

116 0 ' 

33 0 

1 1 JO 

1 12 

70 0 

23 4 

10 

112 0 ' 

30 0 

1 1 13 





R 5 4 




3 4 


R/pt> 037 



0 034 


1 14 
1 07 
0 06 


P 


61 0 
40 0 
46 8 
46 0 
43 0 


Jp 


10 0 

11 4 

12 8 


i 


1 33 
1 40 


1 67 
1 60 
1-30 
1 24 


R 2 2 
It/pU 043 
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obtamed by measuring the slope of the tangent to the Ap ~ t curve extra¬ 
polated back to Ap = 0. 

Effect of NUrtnu Oxide and of Hydrogen —In order to determine the effect 
of the gases separately, the following experiments were made (a) pa, varying 
from 26-200 mm , for ps,o = 60 and for p(f,o = 200 (Tables VI and VII); 
(b) pii,o varying from 26-150 mm for pa, = 60 and for 160 mm , Table VIII 
and fig. 4. respectively Fig. 2 shows how the imtial rate vanes with hydrogen 



fho. 2 


pressure. When is 60 mm., there is only a amall mcrease from pu, = 26 
to 60, and thereafter R is very nearly constant On the other hand, if Pn,o= 
200, the rate increases quite rapidly to a maximum which is reached at a 
higher value of pa,, vix., 100 mm 

In fig 3 it IS observed that K is almost proportional to ps,n except that at 
higher pressures there is a tendency for the R — p/f,o curve to bend over That 
the results for the 1 1 mixture conform closely to a ummolecular equation is 
thus mainly due to the nitrous oxide. In Tables VT and VII, the value of k 
has been calculated on the assumption that the kinetics of the reaction are 
given accurately by the equation — dpajojdt = kpsjo. In accordance with the 
effect of H, when Pn,o is 200 mm. (fig 3), it will bo seen that m Table IV the 
value of k decreases rapidly in runs 142 and 143, whereas m 144-146 the decrease 
IS lees marked. Further, the initial value of k increases until pa, reaches 
100 mm. and then remains constant. When ps,o is small as m Table VII, the 
effect of Ph, is also small and k remams fairly constant in an individual run 
and throughout the senes 
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Bffect of Nitrogen and of ^»gon.—Since the value of Tt m Table V docs not 
change dunng the conrse of the reaction, nitrogen must have practically no 
influence on the rate Separate experiments were, however, made with nitrogen 




with argon in order to confirm this supposition As the results m Table 
demonstrate, no measurable effect could be detected. The absence of 
bition incidcntly provides evidence for the validity of the method of 
observation, for although the mert gas impedes the diffusion of H,0 from the 
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Table VI 

Effect of j>n, {ps,o — 200 mm ) 61.5® 6 cm. tube 

142 in 

pu.'iB 0./»v,o 100 4 pn,tiO 0./»n,.)201 8 

I \ p \ ^p \ k 71 j Jp I i 

0 I 224 0 ' - — ' 261 8 ~ ! 

1 { 221 6 ' 30 I 2 81 I 248 4 64 I 6 28 

2 I 218 0 ' 0 8 I 2 01 1 240 0 11 8 1 6 76 

3 224 0 , 10 0 3 11 2.33 0 18 8 I 6 88 

4 I 212 0 12 tt 2 77 228 0 23 8 , 6 63 

6 200 8 14 8 ’ 2 88 223 4 | 28 4 { 6 32 

8 1 — — ; - I 220 2 31 8 1 03 

7 208 4 , 18 2 I 2 33 — ' — 1 - 

8 I 2U6 2 I 10 4 I 2 14 216 2 I 30 8 , 4 38 

10 ' 204 0 20 8 I 1 82 I 212 2 ' .39 0 , 3 75 

12 ; 20.3 2 ' 21 4 1 01 210 4 | 41 0 { 3 20 


144 I 146 



PH, 178 4, p.t^200 8. 

J _i _ \_P _l_ 

O , 379 2 I — ! — 

1 0 371 8 74 

1 6 367 3 I 12 0 ; 8 64 

2 0 I .301 3 I 18 0 , 0 36 

2 6 I 360 0 22 6 ( 0 07 

3 I 350 0 20 2 0 08 

4 341 0 38 2 0 61 

6 331 4 47 8 0 02 

0 .322 8 60 4 0 03 

7 314 0 66 2 0-77 

8 307 0 72 2 9 67 

10 I 288 6 86 0 0-60 
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Table VIII. 

££Eeot of (ph, — BO mm ). Olb®. 



2 V 


vot. OXUI.—A. 
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Table VIII—(continued) 


149 

J>H, 50 4, pic,o 100 6 

162 

1 pa, BO 2, 124 8 

1. 

P 

1 ^p 

P 

j Jp 

0 

Ifil 0 

1 I 

174 8 

_ 

1 

146 0 

1 0 0 

100 0 : 

6 8 

2 

ISO 2 

1 11 H 

161 4 1 

1 13 4 

3 

131 2 

! 10 8 

164 2 1 

20 6 

4 

12U 4 

24 6 

147-8 1 

27 0 

S 

120 8 

30 2 

142 6 

32 2 

n 

116 2 

14 8 

130 0 

36 8 


no 0 

a 0 

134 8 

40 0 

10 

107 0 

44 0 

132 2 

42 0 


1 100 4 

! __1 

L 


1_ _ 


Table IX 


££fect of Nj 615°. 1.1 Mixture. 



100 2 

00 8 

00 6 

100 2 

P”, 


00 0 

60 2 

26 8 


^P 

Ap 

Ap 

Ap 

1 

3 2 

3 U 

32 

3 4 

2 

8 0 

6 8 

7 4 

7 4 

3 

11 4 

0 8 

11 8 

11 2 

4 

16 0 

13 0 

14 2 

14 2 

6 

17 2 

16 0 

16 8 

17 2 

0 

10 4 

17 8 

19 0 

10 6 

8 

23 0 

20 8 

22 8 

23 0 

10 

26 4 

23 6 

26 (1 

26-8 

12 

27 4 

25 8 

__ 

27 8 


Effect of Argon 616°. 1: 

1 Mixture. 


Jhnlx 

09 4 

98 8 

101 e 

100 4 


~ 

162 3 

80 4 

40 0 

*• 

Ap 

Ap. 

-1,. 

Ap 

1 

3 4 

2 8 

3 0 

3 4 

2 

7 0 

6 0 

7 2 

7 0 

3 

10 0 

0 0 

12 2 

10 2 

4 

12-6 

11 6 

14 8 

13 0 

6 

16 0 

14 6 

16 2 

16-4 

6 

16-4 

16 2 

18 8 

17 4 

8 

10-6 

16-4 

22 0 

20 4 

10 

22 0 

22 0 

26 0 

23 0 

12 

23 4 

24-0 

27-0 : 

— 
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reaction zone to the PgOg and ao increases the stationary concentration of 
H,0, the increase is not sufficient to retard the reaction appreciably. This 
IS to be expected from the rough calculations made previously 
Temperattae Coefficnent —^It has been shown in Table II that the rate of 
the H,-N,0 reaction at 646® is considerably faster than the rate of decom¬ 
position of the mtrous oxide. The relative rates of the two reactions would 
only remain the same at difEerent temperatures if their temperature coefficients 
are identical. It was consequently of importance to determine the temperature 
coefficient of the Hg-NgO reaction The apparent energy of activation (E) 
was calculated from the approximate equation d In B/dT -- E/RT*. The 
value of £, viz., 32'6 k.cal., is much smaller than that for the decomposition 
of NgO which IS 54 k.cal. As the temperature is raised, therefore, the relative 
rates of the Hg-NgO and the NgO reaction will decrease and at some high 
temperature may eventually become equal 

Exploaunus —Inflammation of the mixture could readily be obtamed if 
the pressure or the temperature were sulhciently raised For example, taking 
the results m Table X, at 700°, on mcreasmg the pressure beyond 200 mm., 
the mixture exploded provided the gases were admitted qmokly, on slow 
admission, no explosion could be obtained probably because of the rapid 


Table X 

Temperature coefficient 1 1 Mixture Total pressure 200 mm. 


Tt 


13 


disappearance of Ilg and of NjO. Similarly, explosions could bo observed in 
the following way The reaction tube was attached to another bulb (volume 
two or three tunes that of the tube) which could be filled with mercury thus 
mcreasmg the pressure in the tube. If, during the course of a run (e g, 
similar to experiment 110) the mercury was suddenly admitted to the bulb, 
exploffion occurred. On the other hand, if compression were gradual no such 
explosion took place. Indeed, it appeared that the conditKin for explosion 
depended on the reaction rate exceeding a oertam value. The limit it thus 
qmte diflerent firom that m the Hg-O, reaction where the transition from an 


2 ir 2 
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extremely alow reaction to explosion is comparatively abrupt Attempts were 
also made to discover the existence at an upper limiting pressure for explosion, 
adoptmg the methods employed m the Hj-Of reaction, but no mdioation of 
this phenomenon could be observed 

Ihtoussion of ReavUa and Mechantam of the Beadvm. 

The first decision to be made from these experiments concerns the class to 
which the mechanism of the reaction belongs That the reaction consists of 
the decomposition of N|0 followed by oxidation of H, (No 3, p 626) must 
be excluded smee the observed rate of production of water is much faster 
than the decomposition rate of N^O. The inhibitory influence of surfaces 
rules out the possibility of the bimoleonlar reaction. Further, a bimolecular 
reaction havmg an energy of activation of 30 k cal. would be measurable at 
a temperature of 300°-400° instead of about 600° The mhibition by surfaces 
likewise eliminates the purely hetert^neous reaction. There remains, then, 
the cham mechanism, but although the present reaction is placed m this 
class by a process of elimination, there is defimtely positive evidence of chain 
charactenstics In a cham reaction, the first three types may be incorporated 
for (a) imtiation may be the result of a heterogeneous* or of a homogeneous 
reactiont as is the case m the H|-0, reaction, (6) termmation may take place 
m the gas or at a surfiuw, (c) propagation most likely involves a series of 
bimolecular encounters but the possibdity of ternary collisions may also 
require to be taken into account 

The best evidence for the cham hypothfflis is the mcrease in rate in wider 
vessels The explosive nature of the reaction also pomts to the chain hypothesis 
bemg the correct one to employ. Before any quantitative scheme can be 
constructed, the nature of the earners must be known. While direct evidence 
IS, in most cases, extremely difficult to obtam, there are usually only a small 
number of possibilities when deabng with a comparatively simple reaction 
such as the one under discussion. 

One of the simplest schemes is as follows:— 

H + N,0 - OH + N, + 76-6 k.cal 
0H + H,-^H,0 + H, 

* Alyea and Haber, *Z. phya. diem.,’ B, vol. 10, p. 193 (1931), Alyea, ‘J. Amer. 
Otem. Soo.,’ vol. 63, p. 1324 (1031), Melville and Ludlam,' Pioc. Boy. Soc.,’ A. voL 186, 
p. 316 (1932). 

t Habec and Oppenhehner, ‘ Z. phyi. Ohem.,' B, vol. 16, p. 443 (1932); Taylor and 
SaUtYf * J. Amer. Chem Soovol. 66, p. 96 (1933). 
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the oamen being H and OH as m the H|-0, reaction, H or OH being 
generated by some primary reaction It is known that hydrogm atoms attack 
mtrous oxide* * * § with the eventual production of water; there is thus evidence 
for the first step. Proof of the second is not so direct, but there is a con¬ 
siderable body of opinion in favour of OH reacting with Hj.t especially at 
high temperatures, as papers on the H,-Ot reaction demonstrate. OH radicals 
occur in the flame of H| burning in N^O^ but this, of course, is not a proof but 
only an indication that they may occur in the stable reaction Jf a stationary 
concentration of OH be set up, it should be possible by the use of a dynamic 
method to sweep these radicals out of the reaction tube and so obtam hydrogen 
peroxide m a cooled trap § 

There is now the question of initiation to be considered. In the correspond- 
mg H,-0, reaction, homogeneous initiation seems to require so much activatson 
at temperatures below 560°, it appears that a surface reaction is responsible 
for the provision of reaction centres || With H|-N|0 mixtures, there is a 
sourca of 0 atoms in the gas on accoimt of the ununolecular decomposition 
of N,0, and, as 0 atoms react with H, readily at 600°,1[ uutiation may occur 
as follows — 


or 


followed by 


N,0 + N,0 

-►NgO'-f-NgO 

NjO' 


H,-t-N,0 

-NgO' f Ilg 

NgO' 

-N, f 0 

O + H, 

-eOH-t-H 


ik], kf and being velocity coefficients. Activation by hydrogen is included 
smee H, may behave similarly to other mert gases in this respect If the 
collisions of H, with NgO are particularly efficient in activating N,0,as is the 


• Taylor,' Trans Faraday Soc ,’ vol 21, p 560 (1926) 

t Vf m partioalar, Uonhoeffer and Haber, ‘Z phys Ohera ,’ vol. 137, p. 337 (1928), 
Frankenborger and Klinkhaidt, ibid , B, vol 16, p i21 (1932) 

t Fowler and fiadami, ‘ Proo Boy Soo.,’ A. vol. 133, p. 326 (1931) 

§ Pease,‘J.Atner Chem. Soo..’vol. 62. p. 6106 (1930); vol 63. p 3188(1931); Bates 
and Salley, Otd., vol. 66, p. 110 (1933). 

II Alyeo, loe. cU, , also Qoldraan, * Z. phya Chem.,’ B, voL 6, p. 316 (1929). 

^ Harteok and Kopsoh, ‘ Z. Eleotroohem., ’ vol 36, p. 714 (1030) , ‘ Z. phys. Chem ,’ 
B,vol 12, p. 327 (1031). 
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caae mth many other ununolecolar reoctiona,* it may be that initiation is 
wholly dependent on this encounter. 

The termination of the chains may occur by H + H -*■ H„ OH + OH-^ 
H,0,, or H + these processes requirmg the presence of a third 

molecule or a surface That surface combmation does not wholly control 
termination is shown by the comparatively small mfluence of packmg. Conse¬ 
quently, most of the termmation occurs m the gas. Settmg up the equations 
for the stationary concentrations of H and of OH, then, 

= I + *,[OH][H,l - i-JH) LN,0] - it,[H]*[X] - [OH][X] =0, 

I + /-4[H]lN,0]-i5LOH][HJ-it,[OH]*[X]-i,[H][OH][X] =0, 

where 1 is the rate of imtiation, X is a third molecule Surface combinaUon 
has been neglected for a first approximation. Solution of these equations 
would be extremely difficult since they are both quadratic. A great simpli¬ 
fication can be made if it be assumed that Tc^ > il; 4 , m which case the stationary 
oonoentration of H atoms would greatly exceed that of OH, h, [H] [OH] [X] 
oould then be neglected Further, according to Bonhoeffet and Pearsont 
instead of 

0H-l-0H-f-X-^'H,0, + X. 

OH + OH -^H,0-|-0 
which would be followed by 

0-l-H,-*0H-}-H 
OH-f H,-H,0-fH 

and the cham would not be tenmnated by the disappearance of two OH 
radicals in this way. A:g[0H]*[X] could also be neglected Therefore 

[H] = (2I/Jtg[X])* and [OH] = I/ig[HJ -f 

®<51==ijN,01(2I/i,[X])*, 

if the chains are long I = [N,0]{i|[Nj0J*j[H]} Smee mtrogen and 
argon have no effect, it will be supposed that compared with H,0 and H, 
they are inefficient in promoting the stability of the newly formed Hg molecule. 

• CJ Kioe, ' Caiem. Kev ,’ vol 10, p. 127 (1082). 
t ■ Z. phys. Chem.,’ B, vol. 14, p. 1 (1981). 
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Reaction between Hydrogen and Nttrow Oxide. 

This absence of inhibition may in part be due to the inert gas impeding the 
diffusion of H atoms to the walls and so tending to increase the rate. To a 
first approximation, it will be assumed that fX] — [NgO] f [Ha]> bo that the 
equation expressing the kinetics of the reaction becomes 

_ - ib rN 01 / 2rN.0](h,rN.0] + ib.[H.1} Y 

di M[n.0] + i:hj} ^ 

An inhibitmg mfluenoe of NgO might also occur in virtue of the reaction 
H + H 4- NgO -*■ HgO f Ng -f-180 k cal for, owing to the production of 
two molecules after the reaction, the 180 k cal. might be equally divided between 
the two and would therefore be insufficient to dissociate the HgO molecule 
into H and OH This latter process requires some 103 koal 

Some information about the relative magnitudes of and may be obtained 
from the effect of hydrogen on the rate ibi 7^ ibg as Hg would then have no 
effect. In order to account for the rate reaching a maximum which maximum 
IS attamed at a lower pressure of Hg when NgO is small, must be considerably 
less than From the results of Volmer and Bogdan* on the variation of 
the efficiency of activation collisions with mass m the monatomic gas senes, 
it might be expected that the collisions between Hg and NgO would be about 
as effective as those between NgO molecules themselves would then be 
2*6 times that of k^ on account of the greater collision frequency of the partners 
Hg and N,0 

The same result could be obtamed if it be assumed that = /bg and that 
NgO IS much more efficient in participating in ternary collisions than is Hg 
There is, however, no reason to suppose that this is the case; in fact, on making 
the calculations for the number of ternary collisions of H + H 4- NgO and of 
H 4- H 4- Hg, it was found that the latter was about 20% greater than the 
former. 

When [Hg] is so great that the rate becomes mdependent of it, the order 
with respect to [NgO] is 3/2 and thus is slightly higher than the observed order 
of umty 

If temunation had occurred mainly by the combination of two OH radicals 
in a ternary cpllision then the kinetic equation would have become 



which is defimtely not m agreement with observation 


‘ Z phys. Caiem B, vol. 21, p. 271 (1933) 
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According to this interpretation, the relative rate of the H|-N,0 reaction 
to that of the N,0 decomposition docs not represent exactly the chain length 
For all mixture the ratio would require to be reduced by 3 6 in view of the 
rate of activation due to Uj As each 0 atom is responsible for the initiation 
of two chains, the reduction factor would amount to 1 /7 
Since the rate of the Hj-N,0 reaction increases with the first power of the 
pressure (for all mixture) and the rate of starting of the chains with the 
square of the pressure, the chain length will decrease as the total pressure 
increases. The reaction has thus been studied virtually in a region above the 
upper limit of a chain explosion Hail such an explosion been possible, then 
on reducing the pressure inflammation should have resulted, but no indicAtion 
of this phenomenon wa.s observed. 

The mechamsm of the reaction, as suggested by these experiments, can lie 
summarized in broad outlme as follows The reaction is of the chain type 
initiated by 0 atoms derived from the thermal dissociation of NjO molecules 
and propagated by H atoms and OH. radicals Termination occurs mainly 
in the gas by combination of H atoms, but some may take place on the walls 

The author wishes to thank Dr E B Ludlam for lus encouragement, the 
Carnegie Trustees for a scholarship and the Moray Fund Committee of the 
Umversity of Edinburgh for a grant for silica apparatus. 

Summary 

The kinetic.s of the reaction between hydrogen and mtrous oxide have been 
investigated at pressures from 60-400 mm. and temperatures from 660°- 
700° C. in sihca bulbs. 

The rate of reaction is much faster than that of the decomposition of mtrous 
oxide The products are mainly N, and H,0. The rate is directly propor¬ 
tional to the pressure of mtrous oxide and nearly mdependent of that of H, 
except when the pressure of N,0 is high The reaction goes faster m wider 
vessels, but the increase is not proportional to the square of the diameter 
The apparent energy of activation is 32 k cal. Nitrogen and argon have no 
effect. 

The cham mechanism suggested to explain these results is •— 

(o) Imtiation— 

N,0 +N,0^N,0'-f N,0, 

-.-NjO'-fH,, 

N,0' ^N, + 0, 

0 + H, -OH-fH. 
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(6) Ptopagation— 

H + N,0 -OH + N,. 

OH + H, -H,0 + H 

(c) Termination— 

H + H + X-H, + X, 

X being a third molecule or a wall. 

Explosions may also occur if the pressure and temperature are high enough, 
but no sharp explosion limits could be obtained, such are characteristic of 
chain reactions 


On (he Tiro-Ihmensional Steady Flow of a Viscous Fluid Behind 
a Solid Body. —I. 

By S Goldstbin 
With an Appendix by A Faoe. 

(Communicated by L N. Q Filon, P R S —Received June 15, 1933 ) 

1 Jnlroductxon 

1.1 The purpose of this paper is to exhibit, for reasons given below, calcula¬ 
tions of the velocity distribution some distance downstream behind any 
S3nmmetncal obstacle in a stream of viscous fluid, but particularly behmd an 
infinitely thin plate parallel to the stream, the motion being two-dimensional. 
For a slightly viscous fluid, Blasius* worked out the velocity distribution m 
the boundary layer from the front to the downstream end of the plate, and 
in a previous paper,t I calculated the velocity in the wake for a distance varying 
from 0*3645 to 0*6 of the length of the plate from its downstream end 
(according to distance from its plane) In these calculations the flmd was 
supposed unlimited, and the undisturbed velocity in front of the plate was 
taken as constant The viscosity being assumed small, the work was carried 
out on the basis of Prandtl’s boundary layer theory, with zero pressure gradient 
in the direction of the stream. The velocity is then constant everywhere 
except within a thm layer near the plate, and in a wake which must gradually 
broaden out downstream. (The broadening of the wake just behind the plate 

• ‘ Z. Math. Phy« ,’ vol 66, p I (1908). 

t * Proo. Camb. Phil. 8oo.,’ vol. 28, p. 18 (1980), subsequently quoted as 1. 
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IS so gradual that it could not be shown by calculations of the accuracy obtained 
in 1). Pressure variations m a direction at right angles to the stream are 
negligible, and so is the velocity m that direction. 

Later, ToUmien attacked the problem £roni the other end, and found a first 
asymptotic approximation for the velocity distnbution m the wake at a con¬ 
siderable distance downstream.* He sunplified the Prandtl equations by 
assunung that the departure from the constant velocity, Uo, of the main stream 
IB small, and neglecting terms quadratic in this departure In other words, 
he apphed the notion of the Oseen approximation to the Prandtl equations. 
His result for the velocity is 

U = Uo {1 - oX-* exp {- UoY»/4vX)} 

Here Y is distance £rom the piano of the plate, and X distance parallel to it 
from an ongm in its neighbourhood whose exact position is unknown. 
(Necessanly so, smee the formula is only a first approximation for largo X, and 
a change of ongm would therefore not affect it) v is the kinematic viscosity 
of the fluid, a IS a constant of integration, whose value, determmed by con¬ 
siderations of momentum, is 

D/(2nipv4Uo"*). 

where D is the drag on the plate pa unit breadth, and p the density of the 
fluid. D is known from Blasius’s calculations, and .so a is found Apart from 
the substitution for D, the work applies to any symmetncal laminar wake. 
Tollmien asserts that for the wake behind the fiat plate, the formula given is 
valid if X > 31, where I is the length of the plate, but he gives no justification 
of the statement, and does not state the position of the ongm from which he 
has measured X In any case, there is a region m which neither the asymptotic 
formula nor my previous calculations are valid, and m this r^on Tollmien 
found the velocity by graphical interpolation. 

In paragraph 2 below, I have set out the derivation of this first approximation, 
found the second approximation, and shown that a thud approximation cannot 
be found by the same methods Up to this pomt the work applies to a laminar 
wake behind any symmetncal obstacle, and the formulffi and symbols special 
to the case of the plate have not yet been mtroduced. This is done in paragraph 
3, and for this special case, it is found that if the ongm from which X is measured 
IS taken at a distemoe of 0* 521 upstream from the rear end of the plate, then if 
we draw two graphs of velocity against distance behmd the plate, for Y 0, 


* Handbuch der Experimental ^yaik.,' vol. 4, Part 1. p. 269 (1931). 
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the one from the fonnnlse found here, and the other firom the previoua oaloula- 
tions set out in I, these two graphs join up smoothly. The position of the origm 
18 thus detemimed. For values of Y other than zero, there are regions where 
the velocity can be detonmned only by graphical mtorpolation This has been 
done, and on pp. 568,559 and i>60, the ratio, u, of the actual velocity to Ug, 
IB tabulated for various values of xjl and y, where Jii is distance parallel to 
the stream from the rear end of the plate, and y is Y (Ug/iv/)-' The values 
are derived partly from the previous calculation, partly from the present one, 
ami partly from interpolation (The reader who wishes to know which values 
are found by calculation and which by interpolation is referred to p 668 

1.2 For the plate parallel to the stream, the velocity has, then, been 
approximately calculated all over the held. In order that the calculations 
should be everywhere valid, three conditions must be fulfilled. The viscosity 
must be small enough for the Prandtl equations to apply, the method used 
to find the first and second approximations to the motion at a considerable 
distance downstream, based on the application of the notion of tlie Oseen 
approximation to the Prandtl equations, must give satisfactory results, and, 
lastly, the motion must be steady. It is with the discussion of this last condition 
that we are concerned here; we shall return to the other two later. In the 
first place, it is known that if the velocity of the stream and the length of the 
plate are large enough, then at a certam distance downstream from the front 
of the plate, the flow m the boundary layer along the plate becomes turbulent. 
But the Reynolds’ number, Ugl/v, at which the transition to turbulent motion 
takes place, is large, and there is a wide range of Reynolds’ numbers in which 
the Prandtl equations apply and the flow along and just behind the plate is 
steady. It is with this range that we are concerned , and the question 
immediately arises—if the flow m the wake is steady immediately behind the 
plate, does it become turbulent further downstream * For any given distance 
behmd the plate, the graph of the velocity against Y has a pomt of inflection, 
and its shape certainly suggests instability in the absence of sufficient damping,* 
so that m such cases turbulence is to be expected Prelmunary oxpenments 
by Fage and Falkner, which enabled measured and calculated distnbutions of 
velocity to be compared for Ugl/v equal to 0'6.‘l6 10* and 2*01.10*, at 
*1/1 = 0*20 and for UqI/v equal to 0*640 10* and 1*826.10* at xjl — 0 612, 
strongly suggest that, whilst the flow immediately behind the plate at these 
Reynolds’ numbers is steady, that is no longer true at half the length of the plate 

* The leader may compare oertain oaloolations by Lord Rayleigh. ‘ Soiontifio Papers,’ 
vol 1, p. 482 (1809). 
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dowQstsceam from the rear end.* If it be granted that the transition to turbu¬ 
lence does take place, the next questions that arise are how and when does the 
transition take place, and how does the manner and place of the transition 
depend on Reynolds’ number, and what, if any, is the lowest Kejrnolds’ number 
at which it does take place ? These are, m the first place, smtable matters for 
experiment, and the answers are all the more interestmg since the theoretical 
investigation of the stability of the flow does not appear impossible, and 
would be facilitated by the experimental results 
For any symmetrical cylindrical obstacle other than a plate parallel to the 
stream, the complete calculation of the velocity field is not possible , but the 
formule of paragraph 2 should apply for the velocity m the wake at a con¬ 
siderable distance downstream if the three conditions above are fulfilled 
It IS doubtful, however, if the motion is ever steady at a sufficient distance 
downstream when v is small—or, more accurately, when Uod/v is large, where 
d 18 a representative length of the obstacle For a slender, stream-line, body, 
the motion m the wake, even if steady just behind the body, probably becomes 
turbulent further downstream (these, too, are matters for expenmental 
mvestigation), whilst for a bluff body the motion in the wake is defimtely not 
steady, but is quasi-penodic or turbulent, when Uyd/v is large. 

One last question remains to be considered here. To what extent do the 
formulas of paragraph 2 apply when the motion at a considerable distance 
downstream m the wake is turbulent or quasi-penodic * The second approxi¬ 
mation will not then apply at all, the first approximation will apply, as Fdon 
has pomted out,t to motion which » steady on the average, if we can n^lect 
the average value of terms quadratic m the departure of the velocity from that 
of the mom stream The distance downstream reqmred for this will usually 
lie enormous. 

1 3 List of Sjfmbols 

V, p . the kinematic viscosity and density of the flmd 
Uo the undisturbed velocity of the stream. 

I the length of a plate parallel to the stream 
d . a representative length for any obstacle, taken as 41 for the plate. 

X, Y rectangular Cartesian co-ordinates with the axis of X in the 
direction of the undisturbed stream. The ongm is on the 

* It should be noticed that for thew oomparisons, both the calculated diatnbutiims 
required depend mostly on the preyiona oaloulationa, and only slightly on the present 
odes and the graphical interpolation. Op, p. 558. 
t • Proo. Roy Boo A, vol. 118, p. 7 (1988-27). 
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line of qmunetty for a 83 rmmetrioal obetade. It ia in the 
neighbourhood of the obataole, but its exact positson u 
unknown a prton For the plate it is calculated to be 
0‘62Z upstream from the rear end. 
p, U, V • the presaure and the components of velocity m the wake. 

M = U/Uo 


In paragraph 3, d is put equal to 42 m these 


definitions of u, ti, x, y. 
(2*)* \2vX/ 


^i> **1 > > ^S) ^8 and third approximations respectively 

to w and v. 

^ . a numerical constant, approximately 0-33204. 

D the drag per umt breadth on any cylmdneal obstacle, equal to 
4Ppv^Uo*^*2* for the plate 
ka ; a drag ooefScient, equal to D/pUg* d 

A a constant of integratioa, equal to D/(2 7t*pv*Uo*^*d*) or 
^ j* ki), m general, and equal to ^|^/n for the plate. 

Xi : distance parallel to the stream from the rear end of the plate, 
c . a constant, equal to (X — i^)/Z, taken as 0 52 on p 24. 


2. Asymptottoformulm for flow m a symmetnaal wake. 

2.1. The flirst (ippnnamatKm.--Ck>nsider the two-dimensional flow of an 
mcompressible fluid of unlimited extent and of small visoosity past a fixed 
cylindrical body. Assume that the section of the cylinder is synunetneal 
about a hne parallel to the velocity of the stream, and let the notation be as m 
paragraph 1.3. Then, as explamed more fully m the next paper, in paragraph 
1.1, when we are considering the motion in the wake, the reepreeentative 
Reynolds’ number is UgX/v, and when this is large the assumptLons of the 
boundary layer theory apply. The width of the wake will be found to be of 
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the order of (vX/TJo)*. Hence, in the wake, Y (U^/vX)* will be finite; that 
ie, yx~^ or t} wiU be finite. The approximate equations for detemumng a 
steady motion are then 

uW , vay__i^ w ] 

ax oY p ax ^ aY* 


0 = 


_ 

av 


( 1 ) 


au . ^ 
ax'^'aY 


= 0 


Moreover, the fluid bemg unlunited, at a considerable distance downstream 
we can neglect 3p/0X as bemg of a higher order in X than will be required 
for our approximations.* (When the obstacle is a flat plate, dpIdJL will 
vanish with v.) From the second of equations (1) it then follows that to our 
order of approximation p is constant 

In order to make the quantities non-dimensional, we let d be a representative 
length of the obstacle, and define u, v, x and y as in paragraph 1 3 The 


equations (1) then become 


^ ^ 


( 2 ) 


We now assume that when x is large, u is nearly equal to 1 and v u small 
We write « = 1 — is, and for the first approximation (wj, Uj), we n^lect 
terms m the equations (2) that are quadratic in w and v. The result is 

du>i _ 

dx 

3t£| _ 3», 
dx 

The boundary conditions axe that w must tend to zero as x tends to infimty, 
and must tend to zero exponentially as y tends to infimty. Also, from 
symmetry, w must be an even function and v an odd function of y, so that 
dwjdy and v must be zero when y is zero. Moreover, because of considerations 
of momentum, we must have 

D = poU j* (Uo - U) dY = 2pv*Uo»/» d* j“ w dy, (4) 

* For a venflosttoB, me p. 687 of the next psiMr. 
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where D u the drag per unit length on the obstaole, and the mtogral is along 
a line at right angles to the line of symmetry at an infimte distance down¬ 
stream. (This equation expresses one of the mam results of Filon’a first 
paper.*) 

To find an appropriate solution of the first of equations (3) for wnte 


71 = y/(2x)‘ 

m 

«'i=A(>j)/®“ 

(0) 

Then 


/"H 4/'i+A = 9 

(7) 

One solution of this equation is Write 



(8) 

Then 


9"i — Vi = 9 


= A -f B f d/j, 



and in order that should tend to zero exponentially with y, B must be zero 
It should be specially noted that the same condition ensures that gi, and, 
therefore,and Wi, are even functions of ifj. To determine A we use equation 
(4) This gives 

D/(2pv*Uo>'*d*) ^ ® '* I* A (TJ) dy = 2^ Ae-^< dr; = Atp, 


or 

Then 

and from equation (3) 


A=D/(27tlpvJU,3'«d‘) 
Wj = Ax' - 

dvi _ 

dy dx dy* ’ 


(9) 

( 10 ) 


so that, since vanishes with dwjdy aty~0, 


«i = 


dwi 


( 11 ) 


2.2 The second approximation.—To find a second approzunatioa, wnte 

= w = ni-t-v,. (12) 

Then w, will be of order x“^, and of order x~*/*. To find the second 


‘ PlCDO. Boy. Soo.,* A, vol 118, p. 7 (19M-7). 
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approximstioin we must retam terms of order z~*m the equation, 
eqnationa (2) tiien becomes 




dto, dto. 


A« 


The first of 


(13) 


We require a particular mt^ral, such that w, vanishes exponentiallj when 
Y) tends to infinity, and dwjdy, or dts/dn), vanishes when y] is zero We there¬ 
fore wnte 

(H) 

Then 

/". + >)/'. +2/, (16) 

Put 

( 16 ) 

Then 

+ = (17) 

One complementary functon of this equation is y]. Hence, put 

= >?*•. ( 18 ) 

so tbat 

Wi = Yje"*"* (19) 

Then 

Y,A", + (2-Y,*)A', = A*e-‘'**, 
or 

^(Tj«e-*'’A’,)-AV-'’== -|j(iA*e-’), 

and 

h\ = - iA%j-* e-i'' + Oy)-* e*"’, (20) 

where C is a constant of mtegration. In order that w, should vanish exponen¬ 
tially when Y] tends to infinity, C must be zero. Therefore 

A. = -iA«£Y)-»e-*VdY, 

= i^A*Yj-* -f- ^A* £ «-*'• dfi + D, (21) 

by a partaal mt^^tion, D being a constant. In order that iS| should be an 
even function of y), A must be an odd function, and D must vanisL Also if 

erf>J=^£«"''’d>),* (22) 

* This faootMia is teboUted u> Dale’s “ Mathematioal Tables." 
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-- (i7t)lerf(i,/V2), 


[c '■ 4- ij«' J’* erf (71/^2)] 


To determine o, we use the second of equations (2). This gives 

5«2 _ BtPa _ _ A* 

^ ’ 

from (13), so that, sincf* V 2 vanishes with y, and y — (2a:)* 7^, 

1 CW 2 „ f'’ ^ , 

(2x)i fhi (2x?)t!./’ ^ 

A* 


(2xr- 


(^7t)l (I - Tj*) f "i"' erf (yj/V^) - • Tie ’ 


:i erf 7) 


Collecting our results, we find, correct to the second approximation, 
M — 1 - A® “ ^ j e"’’ - 1 - (Jit)' Tje erf (tj/V^) | 






d’ y 




' (2ar)J 


- TT' erf 7) 


(ik,*Y 

\2vX^ 


A IS given by equation (9), so that if wc define a drag coefficient ko by 
*o = D/pUo*d, 

I /U„d» 


then 




M3 

(23) 

(24) 

(26) 


(26) 


(27) 


( 2 «) 


(29) 

(30) 


Note that the first approximation to v tends to zero exponentially as y, or tj 
tends to infimty, but that, since erf 7} remains fimte, the second approximation 
remains fimte. It is a general feature of solutions of boundary layer equations 


VOL. OZLII.—A. 
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that V remama fimtc when y tenda to infimty, and, m general, this mtroduoes 
an error of the order of the reciprocal of the square root of the representative 
Reynolds’ number. (We shall find, however, that v remains finite m the same 
way as here accordmg to Filon’s equations also; so that, on this account, there 
should be no difference between the solution here found and Filon’s solution 
See II, p 563.) 

Agam, for a flat plate, is of the order of (v/Uod)“, and A remams finite 
when V tends to zero. But for a bluff obstacle, ko m general remains finite 
when V tends to zero, because of the separation of the boundary layer from the 
surface of the obstacle, and the suction in the rear A is then of the order of 
(Uod/v)l, and the asymptotic formulsa m (27) will be valid only when v is 
small and vx is large, so that x must be very large For a bluff obstacle, 
however, the motion in the wake is not steady when Uod/v is large, but quasi- 
penodio or turbulent The second approximation will not then apply at all, 
the first approxunation will apply, as Filon has pointed out in his first paper, 
to motion which is steady on the average, if wo can neglect the average value 
of terms quadratic in the departure of the velocity from that of the mam 
stream. This can bo expected to be valid only at very large distances; for 
this reason also, therefore x must be very large for the first approximation to be 
valid 

2 3 Umuccessfid attempt at a third approminatimi. —^To seek for a third 
approximation, write 

« = 1 — — w, — Wa, » = -f -t- w, (SI) 


Then w, will be of order x and v of order x"*. We must then retam terms 
of order x~*^* m the equation. The first of equations (2) then becomes 



0*tP. 010. 010. , 010, 010. 010, 




(32) 

where 

F(tij) = iA*|^3e~''' + (2ji)*tj«“*’' erf (kj/V' 2) f it*/) erfijJ. 

(35) 

Put 

w = x-»'*/i(>l). 

(34) 

Then 

/"s + >!/'. +3/, = e-»’''F(Ti). 

(35) 

Put 

y,. 

(86) 
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Then 

+ = (37) 

One complementary fonction of this equation u 1 — Therefore, put 


80 that 

Then 

or 


?8 = (1 

Ulj = (1 — 7)*) /»j 

f (e-i"* (1 - 7)*)* h\] F^ -5'’ (1 _ 7i«) 


(38) 

(39) 


Now duig/fo) must vanish when t] vanishes, and therefore (1 — t)*) h\ must 
vanish when y) vsnishes Hence 

c-JV (1 _ v]*)* A', = I' Fe-i'*' (1 - 7)») dti (40) 

When the upper limit becomes mfimte, the integral on the right is finite, and 
equal to — JA* (n/6)*. Hence, when <] tends to infinity. A', is of order tj"*, 
and therefore is of the order and w, of order t)'*. Hence w, does 

not tend exponentially to zero when y) tends to infinity. This result is on 
a different footmg from the finiteness of v, for large values of y] For whereas, 
when A is fimte, the latter makes V of order (vUg/d)!, so that V vsnishes witii 
V, the former makes U differ from Ug by a quantity of order tj”® which does 
not vanish with v 

We have assumed, without proof, that u> may be expanded m the form 

fjM + 


so that we can draw no conclusions from the failure of the calculations to give 
results of the type we anticipated. The case of the flat plate seems, anyway, 
to shut out any possible physical basis for the result. Most probably the 
method of approximation tned is at foult; for a second approximatioa we 
ought to have found an exact solution of the equation 






and so on. Since the second approximation we did find is a solution of this 
equation correct to the order x~\ it is probably valid. 


2 0 2 
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3. N%imeriaUrmiU8forAeocueqf theflatplate. 

For a flat plate of length I, the drag D is given by the formula* 


D == 4ppv*Uo»'*I*. 

wheref 

p = 0-33204. 

Hence, if we take 

d = 4f, 

equation 2 (9) gives 

A = p/V«. 

Then 2 (27) gives 

„ = i -fsM, 

where 


ft (i) = £ + (HV'*’* 



/i (■»}) and/, (t)) are tabulated against >j/v'2 


erf (i)/V2)] 



m Table I 


( 1 ) 

(2) 

(3) 

(^) 

(») 


( 6 ) 


Table I 


1/V2. 1 /.(V> 



/.(I?) 




0 0 1873 
0 1 O 18fi5 
02 0 1800 
03 U 1712 
0 4 0 1S9S 
0 6 0 1469 
0 e 0 1308 
07 0 1148 
0 8 0 0987 
0 9 0 0834 
1 0 0 0889 
1-1 0 0668 
1 2 0 0444 


0 0178 
0 0178 
0 0176 
0 0174 
0 0173 
0 0169 
0 0164 
0 0166 
0 0146 
0 0133 
0 0120 
0 0100 
0 0090 


0 0347 > > 0 0076 
0 0264 0 0062 
0 0197 0 0040 
0 0144 0 0038 
0 0101 0 0020 
0 0073 , 0 0022 
0 0061 0 0016 
0 0034 0 0011 
0 0022 0 0008 
0 0016 0 0006 
0 0009 0 0004 
0 0006 0-0002 
0 0004 0 0002 
0 0002 0 0001 


Now, if X, IS distance behind the rear end of the plate, as m I then 
X = X, -f lo, where c is a constant previously unknown Hence 


» = i(^ + 6). (7) 

* Blaaina, toe. at., p. 13. 
t The nunierioal value ia taken from 1, p. 19. 
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For any value of y other than zero, there are values of Xijl for which u must 
be found by graphical interpolation. A table of valnes of u embodying 
the results of the calculations here, and of those m I, and of the 
graphical interpolation, is given on pp. 658, 659 and 560 (Table III). In this 
table, the results for between 0 and 0*3645 inclusive are from the previous 
calculation for all values of y* ; the results for Xyjl equal to 0*5 arc from the 
previous calculation for values of y between 0 and 0 5 mclusive. From 
X|/l = 2*2 onwards, the results are from the formula (6) above for all values 
of y. For smaller values of a^/l, the results are partly from (5) and partly 
from interpolation For example, for a^/Z = 1 *0, the results are from (6) for 
y ^ 0*4 and y ^ 2*0. The manner m which the mterpolated values jom on 
to the calculated ones may be seen by comparing Tables II and III. 

I have not thought it worth while to tabulate « for xjl >2*8. The com¬ 
putation from formula (6) and Table I is easy. 


0 0006 0 004 j 

0 0136 

0 001 0 123 

0 101 0 140 

0 160 0 201 

0 233 0 200 

0 2U8 0 331 

0 373 0 306 

0 183 

0 100 

0 242 

0 300 

0 .302 

0 426 

0 487 0 617 

0 647 0 656 

0 003 0 03(1 

0 060 0 681 

0 700 0 720 

0 762 0 772 

2 0 703 0 011 

2 0 830 0 846 

B 0 802 0 876 

B 0 800 0 002 

2 0 013 0 023 

3 0 033 0 041 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

644 

ROl 

054 

704 

740 

701 

827 

800 

888 

Oil 

031 

047 

1 0 040 0 066 

B 0 062 0 007 

7 0 072 0 070 

B 0 080 0 083 

3 0 986 0 088 

0 

0* 

0 

0 

071 

070 

086 

080 

3 0 000 0*001 
t 0 003 0 004 
t 0 006 0*006 

3 0 007 0 007 

0 1 
0 1 
0*1 
0 \ 

003 

006 

007 

008 


* Bzoeptthat 1 baa been added to the last digit for y 1-2, Xi/l 0*266 and 0*3646 
2 baa been added for y » 1*0 and 1*1, xjl >» 0 266; and 4 baa been added for y = 1*( 
and 0*8646 
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Table III—(continued). 


3 j O 03J I 0 


0-171.3 


2 8 ' 0 097 I U 008 

2 0 0-008 I 0 000 

3 0 0 000 ! 0 099 

3 1 I 0 000 1 000 

3 2 1 000 > 1 000 

3 3 I 1 000 1 000 

3 4 1 000 i 1 000 

3 6 I 1 000 I I 000 

3 8 ' I 000 1 000 

3 7 I 1 000 1 000 

38 1 000 ' 1 000 

19 1 OOO 1 000 


0 008 0 099 

0-eee I o eoe 

0 000 0 990 

1 000 1 1 000 
1-000 ' 1000 
1 000 1 OOO 

1 000 1 000 
1 000 ' 1 000 
1 000 . I 000 
1 000 . 1 000 
1 000 1 000 
1 OOO , 1 000 


0-090 I o-eoe 
0 000 u-eeo 

1 000 I 1 000 

1 000 I 1 000 
1 000 1 000 

1 000 1 1 000 
1 000 I 1 000 

1 000 I 1 000 
1 000 1 000 

1 000 ' 1 000 
1 000 , I 000 
1 000 i 1 000 


0 090 
0 000 
1 000 
1 000 
1 000 
1 000 
1 000 
1 000 
1 000 
1 000 
1 000 
1 000 


0 090 
0 090 
1-000 
1 000 
1 000 
1 000 
1 000 
1 OOO 
1 OOO 
1 OOO 
1 OOO 


/< 

0 268 

U 3846 

0 4 

« 6 

0 It 

**' 1 

U 8 

0 0 

1-0 

y 

0 484 

0 611 

0 624 

0 666 

0 681 

0 603 

0-621 

0 630 

0-060 

U 1 

0 460 

0 616 

0 628 

0 .-SOS 

0 684 

0 605 

0 623 

0 038 

0 062 

0 2 

0 484 

0 627 

0 640 

0 660 

0 693 

0 613 

0 631 

0 646 

0 668 

0 3 

U 606 

0 646 

0 668 

0 682 

0 606 

0 624 

0 642 

0 666 

0 668 

0 4 

0 .633 

0 687 

0 576 

0 608 

0 810 

0 637 

0 663 

0 668 

0 080 

0 6 

0 688 

0 602 

0 600 

0 618 

0 636 

0 662 

0 666 

0 680 

0 602 

0 e 

0 603 

0 624 

0 632 

0 646 

0 662 

0 674 

0-686 

0 097 

0 707 

0 7 

0 844 

0 860 

0 686 

0 676 

0 888 

0 098 

0 707 

0 716 

0-724 

0 8 

0 880 

0 606 

0 700 

0 708 

0 716 

0 722 

0 729 

0 730 

0 742 

U 9 

0-726 

0 732 

0 736 

0 740 

0 746 

0 760 

0 764 

0 769 

0 704 

1 0 

0 760 

0 770 

0 773 

0 778 

0 770 

0 782 

0 786 

0 788 

0 791 

1 1 

0 801 

0 80J 

0 804 

U 800 

0 800 

0 811 

0 813 

0 816 

0 816 

1-2 

0 832 

0 832 

0 833 

0-834 

0 836 

0 836 

0 837 

0 837 

0 838 

1 3 

0 860 

0 860 

0 880 

0 860 

0 860 

0 860 

0 800 

0 860 

0 860 

1 4 

0 880 

0 888 

0 886 

0 880 

0 886 

U 886 

0 886 

0 884 

0 883 

I 6 

0 909 

0 009 

0 009 

0 008 

0 907 

0 906 

0 904 

0 002 

0 000 

1 0 

0 028 

0 928 

0 928 

0 026 

0 024 

0 923 

0 022 

0 020 

U 918 

1 7 

0 044 

0 944 

0 044 

0 943 

0 942 

0 940 

0 938 

0 930 

U 934 

1 8 

0-967 

0 967 

0 067 

0 966 

0 966 

0 964 

0 962 

0 960 

0 948 

1 9 

0 967 

0 967 

0 067 

0 966 

0 966 

0 964 

0 063 

0 001 

0 060 

2 0 

0 070 

0 976 

0 970 

0 976 

1 0 976 

0 974 

0-973 

0 071 

0 060 

2 1 

0 982 

0 082 

0 082 

0 982 

0 082 

0 981 

0 080 

0 978 

0 070 

2 2 

(1 987 

0 987 

0 987 

0 087 

0 987 

0 980 

0 988 

0 084 

0 082 

2 3 

0 001 

0 001 1 

U 991 

0 091 

0 991 

0 991 

0 OOO 

0 088 

0 980 

2 4 

0 994 1 

0 004 

0 094 

0 094 

0 904 

0 994 

0 903 

0 992 

0-990 

2 6 

0 006 

0 908 

0 906 

1 0 006 

0 996 

0 996 

0 006 

0 004 

0-093 

2 U 

U 997 

0 997 

0 907 

0 997 

0-997 

0 997 

0 006 

0 eoe 

0 996 

2 7 

U 998 

0 908 

0 998 

0 098 

0 098 

1 0 998 

0 997 

0-907 

0 OOO 

2 8 

0 009 

0 090 

0-909 

0 999 

0 999 

0 999 

0-998 

0 008 

0 997 

2 9 

0-900 

0-900 

0-999 

0 909 

0 909 

0 999 

0 908 

0-008 


3 0 

1-000 

1 OOO 

1-000 

1 OOO 

1 OOO 

1-000 

0-900 

0 000 

U 900 

3 1 

1 OOO 

1 OOO 

1 OOO 

1 OOO 

1 000 

1 OOO 

0-909 

0 990 

0 090 

3 2 

1 OOO 

1 OOO 

1 OOO 

1-000 

1 OOO 

1 OOO 

1 OOO 

0 000 

0 090 

3 3 

1 OOO 

1-000 

1 OOO 

1 OOO 

1 OOO 

1 OOO 

1-000 

1 OOO 

0 eoe 

3 4 

1 OOO 

1 OOO 

1 OOO 

1 OOO 

1 OOO 

1 OOO 

1-000 

1-000 

1 OOO 

3 6 

1 OOO 

1 OOO 

1 000 

1-000 

1 OOO 

1 OOO 

1 OOO 

1 OOO 

1 OOO 

3 8 

1 OOO 

1-000 

1 OOO 

1 OOO 

1 OOO 

1-000 

1-000 

1 OOO 

1 OOO 

3-7 

1 OOO 

1 OOO 

1-000 

1-000 

1 OOO 

1 OOO 

1-000 

1 OOO 

1 OOO 

3-8 

1 OOO 

1-000 

1 OOO 

1 OOO 

1-000 

1-000 

1-000 

1 OOO 

1 OOO 

3 9 

1 OOO 

1 OOO 

1-000 

1 OOO 

1 OOO 

1-000 

1-000 

1 OOO 

1 OOO 
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P N.' 

1 2 1 

1 1 1 

1 

1 8 

2 0 

2 2 

2 4 

2 6 1 

2 8 

0 

0 073 

0 693 

0 709 

0 724 

0 7J6 

0 747 

0 767 

0 765 

0 773 

0 1 

0 875 

0 694 

0 710 

0 726 ! 

0 737 

0 747 

0-767 

0 765 

0 773 

0 2 

0 680 

0-699 

0 714 

0 728 ! 

0 730 

0 749 

0 769 

0 767 

0 776 

0 3 

0-089 

0-706 

0 720 

0 732 

0 743 

0 753 

0 763 

0 770 

0-778 


0 699 

0-715 

0 728 

0 739 

0 750 

0 760 

0 760 

0 776 

0 783 

0 S 

0 710 

0 726 

0 738 

0 748 

0 769 

0 767 

0 776 

0 781 

0 788 

0 6 

0 724 

0 738 

0 749 

0 760 

0 768 

0 775 

0 782 

0 788 

0 794 

0 7 

0 738 

0 750 

0 701 

0 770 

0 778 

0 784 

0-790 

0 794 

0 801 

0-8 

0 754 

0 765 

0 774 

0 782 

0 789 

0 796 

0-800 

0 806 

1 0 809 

0 9 

0 773 

0 782 

0-790 

0 70S 

0 802 

0 806 

0 810 

0 814 

0 818 

1 0 

0 790 

0 801 

0 806 

0 810 

0 814 

0 817 

0 820 

0 823 

0 825 

1 1 

0 819 

0 828 

0 884 

0 837 

0 829 

0 831 

0 833 

0 835 

0 837 

1 3 

0-839 

0 840 

0 841 

0 842 

0 843 

0 844 

0 846 

0 846 

0 847 

1 3 

0 859 

0 859 

0 858 

0 858 

0 867 

U 856 

0 856 

0 857 

0 858 

1 4 

0 879 

0 877 

0 875 

0 873 

0 860 

0 868 

0 868 

0 888 

0 868 

I'S 

0-896 

0 892 

0 889 

0 886 

0 883 

0 881 

0 870 

0 878 

0 878 

1 6 

0 913 

0 908 

0 903 

0 899 

0 896 

0 892 

0 890 

0 889 

0 888 

1-7 

0 928 

0-921 

0 916 

0 012 

0 008 

0 906 

0 902 

0 900 

0 896 

1-8 

0-941 

0 934 

0 988 

0 023 

0 919 

0 916 

0-912 

0 900 

0 007 

1-9 

0-952 

0 945 

0 939 

0 034 

0 030 

0 926 

0-022 

0 919 

0 016 

3 0 

0-962 

0 965 

0 949 

0 944 

0 940 

0 036 

0 931 

0 928 

0 925 

2 1 

0 970 

0 963 

0 957 

0 053 

0 948 

0 943 

0 039 

0 036 

0 933 

2 8 

0-977 

0 971 

0 965 

0 961 

0 066 

0 061 

0 047 

0 044 

0 941 

3 3 

0 988 

0 977 

0 972 

0 967 

0 963 

0 968 

0 064 

0 961 

0 948 

2 4 

0 987 

0-988 

0 977 

0 073 

0 060 

0 964 

0 061 

0 058 

0 056 

2 8 

0 990 

0 988 

0 982 

0 978 

0-974 

0 970 

' 0 967 

0 064 

0 061 

8 6 

0 092 

0 089 

0 986 

0 ^ 

0 079 

0 976 

0 072 

0 969 

0 966 

2 7 

0 994 

0-998 

0 989 

0-986 

0 983 

0-080 

0 077 

0 974 

0 971 

2 8 

0 096 

0 994 

0 992 

0 989 

0 986 

0 983 

0 981 

U 078 

0 976 

2 9 

0 997 

0 996; 

0 994 

0 991 

0 989 

0 086 

0-984 

0 981 

0 979 

3 U 

0 998 

0 997 

0 995 

0 993 

0 091 

0 989 

0 987 

0 986 

0 082 

3 1 

0 999 

0 998 

0 996 

0-006 

0 903 

0 991 

0 989 

0 987 


8 2 

0-999 

0 998 

0-997 

0 996 

0 995 

0 993 

0-991 

0 989 

0 987 

3 3 

0-999 

0 999 

0 99S 

0 997 

0 090 

0 996 

0 993 

0 991 

0-989 

3 4 

0 999 

0-999 

0 998 

0-098 

0 097 

0-996 

0 994 

0 993 

0-091 

3 fi 

1 000 

0 999 

0 999 

0 998 

0 097 

0-996 

0 906 

0 094 

0-093 

3 6 

1 000 

0 999 

0 999 

0 999 

0 008 

0 007 

0 096 

0 996 

0-006 

3 7 

1 000 

1 000 

0 099 

0 999 

0 908 

0 098 

0-997 

0 996 

0 906 

3 8 

1 000 

1 000 

1 000 

0 999 

0 909 

0 998 

0 907 

0 997 

0 007 

3 9 

1 000 

1 000 

I 000 

0 990 

0 999 

0 999 

0 008 

0 998 

0 007 


Appendix 
By A. Face. 

About a year ago, Mr. Falkoer and myself had occasion, in connection with 
some work nndertaken for Prof. Taylor, to measure the velocity distnbution 
in the wake behihd a thin flat plate mounted with its plane in the direction 
of the oncoming stream. The results obtained were unsmtable for the purpose 
in mind and accordingly they were not published. They have, however, a 
direct bearing on tbe theoietioal analysis given m Dr. Qoldstein’s paper and 
for this reason they are now prepared for publication. 
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The ezpenments were made in a 1-foot open-jet tunnel of the double return 
type. The plate was made of thin sheet alumimum, with very sharp leadmg 
and trailing edges. The downstream length (1) of the plate was 6 inches 
The cross-stream breadth was sufficient to allow the plate to extend beyond 
the boundary of the jet Yeloaty explorations were made across the wake 
behmd the median section of the plate at a distance 0*021 beyond the trailing 
edge for the two wind speeds (Uo) 20*46 and 76*8 feet per second, and also 
at a distance 0*6121 for the speeds 20*6 and 69*7 feet per second The 
corresponding values of the Reynolds’ number (Ugl/v) for the plate are 0*54 
and 2*01 X 10» = 0*021), and 0*54 and 1 *83 X 10® (x, = 0*6121) 

The velocity results plotted in a form suitable for comparison with 
Goldstem’s predictions are given in fig 1 The velocity distributions measured 
close behind the trailing edge of the plate (x^ = 0*021) are given by the full-lines 
in fig la, and that predicted by Qoldstem by the dotted Ime. The 
measured distributions are seen to be in close agreement with the predicted 
distribution. The flow along and just behind the plate appears therefore to 
be laminar at the Reynolds’ numbers at which the measurements were made. 
Further, the curves of fig 16 show that at the greater distance 0*5121 behind 
the plate there is little resemblance between the measured and predicted 
velocity distributions, especially near the axis (y — 0). The experimental 
wakes are also considerably wider than the theoretical wake The difierenoes 
exhibited are so great, that the only possible explanation would seem to be 
that at this distance behmd the plate the laminar motion has defimtely broken 
down. It will also be observed that the two velocity distnbutions measured 
at Xj = 0*5121 difier appreciably, a fact which mdicates that the distance 
bdund the plate at which the l»eakdown occurs depends on Reynolds’ 
number 


Summary. 

The calculation of the velocity distribution m the wake behmd an infinitely 
thm plate parallel to a stream, which had been begun in a previous paper, is 
completed. Prandti’s boundary layer equations will apply to the flow m the 
wake of fluids of small viscosity; and these equations are solved by successive 
approxiination for the flow at a considerable distance downstream, by a s suming 
that the velocity there is nearly equal to the undisturbed velocity. The first 
and second approxunations are set out, and it is shown that a third approxi¬ 
mation cannot be found by the same methods. The results of the secmid 
approximation are then joined up with the results frinn the previous paper, 
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which give the velocity diatribution from the rear end of the plate to a short 
distance downstream. In this way the velocity has been approxunately 
calculated all over the field. The calculated velocity distribution is such as 
strongly to suggest that the steady motion will bo unstable some distance behind 
the plate, and experiments by Fage and Falkner have confirmed this. 



The formulm for the velocity at a considerable distance downstream apply 
to the wake behmd any symmetncal obstacle in a stream, for two-dimensional 
steady motion, though the niimencal evaluation is earned out for the fiat 
plate only. 
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On the Two-Dtmenaiotud Steady Flow of a Viscous Fluid 
Behind a Solid Body. —IT. 

By S. GoLDhTKlN 

(Coinronnicated by L N Q Filon, F R 8 —Received June 16, 19S3 ) 

1 Introduaion 

1.1. One reason for carrying out the calculations of the previous paper was to 
provide material for an expenmental study of the transition to turbulence 
m the wake behmd a plate parallel to the stream A second reason was to 
compare the results with certam results duo to Filon, who has calculated both 
the first and second approximations to the velocity at a considerable distance 
from a fixed oylmdnoal obfrtacle m an unlumted stream whose velocity at 
infimty is constant.* He also uses the notions of tho Oseen approximation, 
that is to say, he assumes that the departures from the undisturbed velocity 
are small, and neglects terms quadratic m these departures for the first 
approximations, etc., but he docs not assume that v is small and does not use 
the Prandtl equations. Thus tho formulae of Paper 1, paragraph 2, should be 
limiting forms, for small v, of Filon's formulae for a symmetneal wake This is 
verified m paragraph 2 below, and the calculations m Paper 1, paragraph 2, 
other tham the attempt at a third approximation, may be regarded as a 
simpbfied form of Pdon’s calculations 

The direct simplification of Filon's results gives the formul© 2 (31) (p 569), 
for the velocity at a sufficient distance downstream in any symmetneal wake 
provided that the motion is steady, whether v is small or not These formulse 
differ only m the last terms from the formulte 2 (27) on p 553 of Paper 1, 
obtamed from the Prandtl equations, and these terms ore negligible, compared 
with the others, when v is small (For the meaning of the symbols, see 
paragraph 1.3 of Paper 1.) Thus the first aqnnptotio approximation is exactly 
the same here as m the previous paper, in the second approximation the more 
accurate results of t.biH paper contam extra terms, which it is shown on p. 567 
arise entirely from the previous neglect of the pressure gradient in the direction 
of the stream. 

The wake broadens out downstream, and becomes infinitely broad when 
X is infinite, so that if the basic hypothesis of the Prandtl theory is expressed, 

• • Proc. Rcy. Soc.,* A, vol. 118. p. 7 (1928); ‘ PhU. Traiw.,’ A, vol. 227, p. 98 (1928). 
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as it Bometimee is, bj saying that the velooity differs from its value m the 
main stream, and the velocity gradient is large, only withm a narrow layer, 
then it may seem sorpnsmg, at first sight, that the theory applies at all some 
distance downstream. But, more accurately expressed, the hypothesis is that 
8/L should be small, with UqL/v laige, where S is the width of the layer, and 
L a representative length of the system. In the wake the correct representative 
length is X (the distance firom some pomt in the neighbourhood of the obstacle), 
and although S is of the order of (vX/Ug)% and increases like X^ S/X is of 
the order (v/UgX)^ and decreases like X * In fact, 8/X is of the order of the 
square root of the reciprocal of the representative Reynolds’ number, Ug X/v, 
m accordance with general theory. Moreover, the representative Reynolds' 
number increases, and the theory gives a closer and closer approxunation, as 
X increases, m the application to the plate, the theory will not give correct 
results immediately behind the rear end of the plate, as we can also see &om 
the occurrence there of a mathematical singularity in the solution (The 
same remarks apply also, of course, to the flow along the plate Blasius’s 
solution will not apply m the immediate neighbourhood of the front edge, it 
becomes a better and better approxunation the further we go along the plate, 
the representative length bomg, not the length of the plate, but the distance 
from the firont edge *) 

1 4 To the end of paragraph 2 we are concerned entirely with flow in a 
symmctncal wake, m paragraph 3 we are concerned with an asymmetncal 
wake In his second paper, Filon came to the conclnsioh that the second 
approximation he had obtained was mvalid, and that Oseen’s equations could 
not be used as a basis for approximations after the first He came to this 
conclusion because, after expressing the torque on the cylinder in terms of 
an mtegral round a circle of large radius, with an integrand involving the 
formulffi he had found for the velocities, the integral for the torque did not 
tend to a fimte limi t as the radius of the circle tended to infinity, but became 
infimte like a multiple of the logantiim of the radius The objection does not 
apply when the obstacle and wake are symmetncal, when this is not the 
case, there is a circulation round any contour embracing the cylmder, and it is 
shown m paragraph 3 that it might have been expected that Oseen’s equations 
would not be a smtable basis for further approximations m this case, and that 

* The approximatHnw of the boondaiy-layer theoiy usually introdooe an error of the 
eider ot the square root of the reo4»ooal at the repneeatattve Bqyiiolds’ number. (See 
' Floo. Gamb. Phil. Boo.,’loo. cd., p. S.) The speoialolronniataiioM of the pnecat problem 
an saoh that this does not hold here. Op. p. 663 ofthepreviou paper. 



Flow of a Viscous Fluid Behind a Solid Body. 


565 


tbe expreauon for the oonple, formed on this basis, would neoeasanly have an 
infinite term of exactly the amount found by Filon 


2 Direct SimpUfcatum of Film’s results 
2 1 First Approinmation —For the first approximation, Filon’s results, m 
the case of a symmetrical wake, are (equations (F 3 6) (F 3 T))** 

U^Uo+D' f-U", V = V' + V", 


where 


, „ a, <OB t 

^ k^-r 




W ,tOB(w+ 1) 0 


!•» _ *0 1 V ”*^>1 t -1) 6 

~ r ' 

U"=^ £ a„ (^)co8 nO-f K„4 .i (fcr) cos (« + 1) 0] 


( 1 ) 


(3) 


(4) 


and 

A = Uo/2v, 

K„ is the Bessel function usually so denoted, a„, c„ are arbitrary constants 
such that 

Xj -- 2 


and, according to the mam results of Filon's first paper, 

D = - 2npU^/jfc*, 

where D is the drag on the obstacle per umt length, so that 


(6) 

( 6 ) 

(7) 


where d is a representative length of the obstacle, and ko the drag coefficient. 
Also, r and 6 are polar co-ordinstos corresponding to our Cartesian oo-ordmates 
X, Y In the wake 0 is small, wo may replace cos 0 by 1, sin 6 by Y/X, 
and r by X The first approxunations to U' and V' are therefore 


U' == ~ -^ 


27cX 


«„Y ifc„U„dY 


(8) 


* The noUtioa has been slii^tly ohanged. ReConnoea with T an to Filon’s seoond 
paper. 
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When hr is large, 




Hence, if the a„ fall o£E suifaciently rapidly, the first approximation to U" is 


Agam, f — X 18 equal to r (1 — cos 6), and is approximately IX 6® or Y*/2X 
Hence 

(li) 

Similarly 

.-Kr-X) / - 

= S«,cos(« + 4)08inie 


(2TrX)i 2X 

u„’ WU„’ ’ d’ 

*_2,=/iki*v ^Y 


aa before, we find, for the simphfied form of Filon’s first approximatioa 


as in 2 (30) of the previous paper (p. 563). 

The first terms here are the same as m 2 (27) of the ptevioos paper (p. 653). 
The terms neglected here in w are of order x~^*. 
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The variable part of the pressure is seen from Lamb’s form of the solutioa of 


Oseen’s equations* to be given by 


p=- pUoU' 

(16) 

Hence 


P ^ __ _ ^1) 

pUo® 27rX 2 jcj ’ 

(17) 

and 


1 op - 

pU„*a3i 2-ra^ UUod' a:* 

(18) 


This IS the term ucglu(;tud in the reduced equations of motion 2 (2) on p 550 of 
the previous paper. It is of order a:“* The terms omitted m calculating it 
are of order 

If we retam this term m the reduced equatious 2 (2) of Paper 1, it will 
affwit the second approximation found in paragraph 2 2 We should add 
_ 1 ^ 


to the right side of 2 (13) on p 552, and 


to uig Also we should add 


7 


'7cU„d' Wu„d' 


to V,. These are exactly the second terms in (14) above 
2.2 Second approximation —^For the second approximation, Filon finds 
that we must add to U and V the terms U, and V, respectively, where 


U. = 

* aY 


® ax 


(19) 


and, for the symmetrical wake, 

'J's =■ - [{® W + ]]«“*''' ‘^'11 4 ^ “ t:* cos ie/4 (At)* j. (20) 


((F 8 1) and (F 5.43).) ^ and tj are parab die co-ordinates such that 
5 + »Y, = 2it*(X + sY)* 

5* = 2Jfc(r-fX) 

>,« = 2t(f-X) 


• “ Hydrodynanuos,” p. 682 (1924). 


(21) 



8. Goldstein. 



(See F 4) Also (is to be taken positive in the (X, Y) plane , 


E (ij) = j e '* dij 



(i3>0) 

(»)< 0) 


(22) 


(23) 


BO that E (t)) is an odd function, and m (20) wo must take 6 from 0 to 27c and 
not from — tc to tt As a result, ({ii and its relevant denvatives are continuous, 
and U, IS an even function of Y, an odd function We shall therefore find 
Uj and V, for Y > 0 
In the wake, when X is large, 

^ = 2(AX)‘, = (24) 

BO that 1 ] is the same quantity as defined above in (13). 

Consider first the part of i|/, explicitly involvmg ^ and tq For this part 


(see (7) and (24) above, and 2 (23) on p 563 of Paper 1), and 

Hence, for this part, U, and V, are approximately given by 

U, = - erf (7,/V2)] . 


and (smoe 
for t) > 0) 


E(^)=iV'«(l-erf»l) 


(26) 


(27) 

(28) 


[ti* (1 - erf T,) + (in)» (1 - t^) c"*’- erf (7,/V2) - V-*]. (29) 
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In the same way, we find that the term in (r, 6) in gives a oontnbution to 
U, which IB of order X~*. Its contribution to Vj is 

(») 

This ]ust cancels the first term m (29), and from (13) and (16) it follows that 
the contnbutions to u and v from Filon’s second approximation are 

u = - ^ [ e-"* + (^n)* Tie-h* erf (tj/V2)J 

« = (1 - erf (i/v' 2) - >)« ■'* - 71* erf TjJ 

From (14) it now follows that the values of u and v correct to the second 
approximation are 

u = 1 — — z~^ {«“** + (lit)! erf (tj/VZ)} 

«= " [^> ~ 

These formulss should give the velocity components m any symmetncal wake 
for sufficiently large values of x whenever the motion is steady. 

When V is small, the last terms are negligible compared with the others. 
Apart from them, the formulss are the same as those in Paper 1, 2 (27), p. 6.63. 

i. On the Caloulation of the Torque on an AtymmUrioai Obstade. 

If the immersed oylindnoal body is not symmetncal, then the wake is not 
symmetrical, and there is drculation round any circuit enclosing the oylmder. 
If we assume that at a large distemce from the cylinder the first approximation 
to the veloaty satisfies Oseen’s equations, then, as in 2 (1), this first approxi¬ 
mation IS given by 

U-Uo-fU'd-U", V = V'-t-V", (1) 

where U" and V" are insensiblo outside the wake, and 



▼Ok OXL11.--A. 2 P 


> (SI) 


(2) 



«70 


S. Goldstein. 


tile leading terms m <jf being* 

^ = Clogr + De + .. (3) 

Accordmg to (3) the terms (U', V') give an outflow across a large circmt equal 
to 271C. The terms (U", V") must give an equal mflow These terms ate 
sensible only in the wake. The inflow m the wake due to (U", V") is therefore 
27t C. The inflow in the wake due to (U', V') is negligible, since (U', V') are 
of order r~^, and the width of the wake is of order r* Hence, apart from the 
constant velocity Ug, the total inflow in the wake is 27 t 0 
Again, accordmg to (3), there is a circulation 2;c D round any large circuit, 
due to the terms (U', V') If the circuit cuts the wake at right angles, this is 
the whole of the circulation, the contribution from (U", V") bemg negligible 
For this contribution is 

|v»iY. (4) 

along a Imc X — constant across the wake V" consists of two parts, one 
of which 18 an odd function and the other an oven function of Y (see (F 3 • 72)). 
The odd function has been considered in paragraph 2, and shown to be of 
order The even function is easily seen to be of order Y/X 

compared with this Smoe Y is of ordw in the wake, the even part of V" 
18 of order X~*^*, and the contribution of (4) to the circulation of order X~^ 

Let us now take a large contour cutting the wake at nght angles The 
pressure and viscous stresses over tins contour have a moment, and the couple 
exerted by the fluid on the solid must bo equal to this moment, mmus the rate 
of outflow of angular momentum. Filon found that when the contour is a 
large oitole of radius R, the couple as thus calculated became infinite with 
R like 4np CD log R We shall show that this result is to be expected. 
It IS easier to take a rectangle, Y — rb oo, X = ± constant, when Filon’s 
result 18 that the couple becomes infimte like — 47rp CD log X. 

In the accurate equations of motion there are terms representang the con¬ 
vective rate of change of the velocity; and m the equation for the vorticity, 
thero are terms represmiting the convective rate of change of the vorticity. 
In Oseen’s approximation; the velocity of convection is assumed to be (Ug, 0). 
When there is a circulation 2irD round the obstacle, this velocity diflers 
appreciably from the correct value not only in amount, but also m direction, 
smoe m the wake there is a velocity D/X at right angles to Ug. The wake is 

* G and D are used iastaad of FUoo’a a«/x* and — d, leapeotively. 
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really displaced from the symmetrical position, where it is according to Oseen, 
through a distance Y, such that approxmmtely 

Now consider the rate of outflow of angular momentum through the rectangle 
mentioned above Let us suppose that this rate of outflow has been calculated 
by the use of the first approximations to the velocities, as given by equation (1) 
(p 669); when calculated on this basis, the result is finite (F paragraph 20). 
Now suppose that, instead of calculating out at length the second approxi¬ 
mations to the velocities, and rccalculatang the rate of outflow of angular 
momentum using them, we simply allow for the most important part of the 
error of the first approximation by moving the whole wake through a dis¬ 
tance (D/Ug) log X parallel to the axis of Y, and calculate the effect of this 
displacement of the wake on the rate of outflow of angular momentum. 
Only along the side X = constant of the rectangle mentioned above will the 
displacement of the wake produce an effect The rate of outflow of angular 
momentum is 

p Ju(VX-UY)dY, (6) 

where the mtegral is along the side X = constant Only the part of the 
integrand contaming Y need be considered here, and if we write 

U = Uo-f U'-fU" 

as m equation (1) (p. 5G9), then only the terms containmg U" ace affected by 
the displacement of the wake, and wc proceed to calculate the effect of the 
displacement on the most important of these terms, namely, 

-2pUgju"YdY. (7) 

U" is sensible only m the wake. The displacement of the wake through a 
distance (D/Ug) log X parallel to the axis of Y m the positive direction, therefore 
increases the term m (7) by 

- 2pUo (D/Ug) log X J U" dY. (8) 

Now — j U" dY IS the inflow m the wake due to (U", V"), and is therefore 
2n C. The displaoement of the wake therefore inoreases the rate of outflow 


2 F 2 
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of angular momentum by 4icp CD log X £tom the value as given by the first 
approximation to the velocities, and the couple is decreased by the same 
amount from its value given by tiie first approximation to the velocities. 
If, therefore, we calculated the couple on the solid cylmder by considerations 
of angular momentum, according to the first Oseen approximation for the 
velocitaes at a large distance, and then allowed for the displacemwt of the 
wake m the actual flow from the symmetrical position, we should find exactly 
the infinite term which Filon found from the second approxunation. 

Some very helpful criticism by Professor Filon, to whom I am very much 
mdebted for it, led me to rewrite part of the precedmg paragraph, and also to 
consider another point which might be mentioned At a large distance down¬ 
stream m the wake, the most important part of U" is an oven function of Y 
and is approximately given by 

(9) 

This is of order X~^ in the wake. The part of U" which is an odd function 
of Y is of order Y/X or X"* compared with this, and is therefore of order X~^. 
Also U' IS of order r~\ or of order X~^ in the wake. If we now suppose that 
when the second approximation is found, this adds on a term to U, then, 
in the asymmetncal wake, the most important term m U| is, m Filon’s notation 

LjV-‘''log(5/2)/8i»rU (10) 

(See F 19. l.f) If we transfer to the notation here used, and keep only the 
most important part, we get 



which IS of order X~^ log X m the wake, and is therefore larger than any other 
term m U — Up except (9). Hence (9) and (11) together give the most 
important part of U — Uo m the wake, as far as the second approximation. 
Together, they give 

- (27dfe)» CX-»s-«V« {l + ^ Y log x}. (12) 

Now (12) is exactly what its first term, or (9), becomes when we substitute 

* This is the same as the value in equation (10) (p. 666) or equation (11) (p. 666) with 
the notation adapted in this seotkm. See the footnote on p. 670. 

^ f This term is quoted from a formula for the radial velooity, not for the velooity parallel 
to the axis of X. But it is easy to see that to our order of approximation the radial and 
axial velooHies may be taken equal in the wake. 
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Y 4- (D/Uj) log X for Y, and approzimato, considering Y large compared 
with log X. (Since, m the integral for the rate of outflow of angular momentum, 
a factor Y m the integrand introduces a factor of order X* m the mtegral, 
this IS justified ) In other words, the second approximation for the velocitjr 
in the wake is the same function of Y + (D/U#) log X as the first approximation 
is of Y. But this statement is exactly the same as saying that the wake is 
displaced through a distance (D/Ug) log X parallel to the axis of Y Smoe it 
was exactly the term in (10) that led to the infinite term for the couple in 
Filon’s work, and since this term also accounts for the displacement of the 
wake, we see that it is exactly because the first approximation does not take 
account of the displacement of the wake, and the second approximation does, 
that the infinite term m the couple arises In order to proceed correctly by 
successive approximation it would therefore lie necessary to take account of 
the displacement of the wake in the first approximation. 

Summary 

The general formulie of the previous paper, for the velocity at a considerable 
distance downstream m the wake behmd a symmetrical obstacle, m a two- 
dimensional steady stream of viscous flmd, ore compared with the results of 
some calculations made by Filon, m which he calculated the velocity m the 
wake behmd a cylmdncal obstacle by the method of successive approximation, 
but without the approximations of the boundary layer theory It is shown 
that for a symmetrical wake Filon’s formulee reduce, for small viscosity, to 
those here found; and the additional terms, when the viscosity is not small, 
are given m simplified form. 

For an asymmetrical obstacle, Filon came to the conclusion that his second 
approximation was invalid, because the calculation of the torque on the 
obstacle, &om this second approximation and from considerations of angular 
momentum, led to an mfimte result. It is shown that this infimte term is 
entirely accounted for if allowance is simply made for the effect of the circula¬ 
tion round the asymmetncal obstacle in displacing the wake, in the actual 
motion, firom the symmetneal position which it occupies aocordmg to the 
first approzunation. 
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Some Intensity Measurements on the Band Spectrum of 
Ildtum (He,). 

By E. C. Johnson, M A., D.Sc. and B. C. Tuknkb, B Sc., King’s 
College, London. 

(Communicated by O W Sichardaon, FES —^Received July 1, 1933 ) 
Introduction. 

The Summation Rule of Burger and Dorgelo m the hands of R. H Fowler, 
Mulliken, Dieke and others, has led to the rapid development of theoretical 
mtensity relations For some time only qualitative data were available, 
but with the development of intensity measurement technique, quantitative 
data are accumulating to test the theoretical predictions 

Work of a quantitative nature on the band spectrum of Helium has been 
carried out by Childs,* Fujioka.f and Read,} who have made measurements 
on the 4650 band, the " dccouplmg bands,” and the X 6400 band respectively. 

In the present paper the five bands XX 4660, 3676,3356,3206, and 3120 have 
been examined and t^e intensities m each band studied m detail. These 
bands are the first five members of the mam “ Ime series ” of Helium. 
(»»p7t*n -► 2«a^.) 

Experimental. 

(1) Exatation of the Hdium Bands .—The tube used was 60 cm. m length 
with a cross section of 1 ■ 6 cm. having alninmium electrodes A quartz window 
at one end and a mirror at the other were affixed with sealmg wax. Bulbs 
containing PaO, and KOH, and a Palladium regulator were fused on the sides. 

The tube was excited with a condensed discharge produced by an alternator 
and transformer, the secondary of which was shunted by a condenser of a few 
thousand cm. capacity, a small spark gap being placed m senes with the tube. 

The bands X4650 and X3676 were photographed m the first position 
(X8000- X3200) and the bands X3676, X3356, X3206 and X3120mthe 
second position (X 4200 — X 2800) of a Hilger £1 Quarts spectrograph. The 
mtensity of each Ime of the common band X 3676 was obtained in the first 
and in the second position, and the ratio of the mtensities in the two positions, 

* ‘ Proo Roy. Boo.,’ A, vol. 118, p. 296 (1927). 

t ‘ Z. Physik,* vol. 63, p. 176 (1980). 

$ ‘ Proc. Roy Soc,’ A. vol. 134, p. 648 (1982). 
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for each line, obtained The mean of these ratios was taken as the correlation 
factor, by which all the intensities in the bands X 3366, X 3206 and X 3120 
were multiplied 

(2) Phuometnc iechnxque —The intcnsit^os were measured by observations 
on the densities of the images produced on the photographic plate. A set of 
calibration marks, usmg a step sht and standard lamp, was obtained on each 
plate, care being taken to ensure that the times of exposure for both spectrum 
and calibrations were kept identical 

A large number of plates were obtained and of these, seven were micro- 
' photometered Photometric records for both spectrum and calibration marks 
were obtamed on the photo-electric rccordmg micro-photometer kmdly placed 
at our disposal by Professor A. Fowler, of the Imperial College of Science. 

Blackemng-mtensity curves for four pomts over each band were constructed 
and from these curves the intensity of each line determmed. These mtensities 
were corrected for energy-wave-length distnbution of the standard lamp, and 
for the dispersion of the instrument, and brought to the same scale formed by 
taking the strongest Ime of the strongest band (Q6 of band 4650) as intensity 
= 1000 . 

Ilford special rapid panchromatic plates were used throughout, as the gram 
of these plates is much less pronounced than that of faster plates 


ExpenmmuU Restdla. 

The corrected mtensities on the 1000 scale are given m Tables I to V. The 
wave-lengths are token from a paper by Curtis and Long * 


Table I.—^Band near X 4660. 


F Bianuh. | 
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R Bnuuib. 

J 
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16 

4718-61 

21180 8 
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4609 62 

21400-6 
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17 

4731 02 

21131 2 

80 

4676 14 

21383-8 
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J 


t UnroMlrsdlioe*. 


‘ Proo. Boy. Soo..’ A, vol. 108, p. 613 (1026). 
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In figs. 1 to 5 the intensities, all on the same scale, are plotted against 
J' values for each branch of each band. Perturbed lines are indicated by the 
letter p. 



Table II —^Band near X 3676. 



The fiollowmg general oonoluskmB have bem arrived at by Mullikent with 
regard to the intensities in the X 4660 band. 


} ' Phys. Rev ,* rai. S9, p. 901 (1027). 
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Table III.—Band near X 3366. 



Table IV.—Band near X 3206 





t 3 J 7 a It 13 IS J7 i9 
Fta. 4.—Bud A 3806, 

That the Q branch is the stxongest may be seen immediately &om figs. 1 
to 6, but the prediction that its maximum should be twice as starong as tiiat of 
the P or R branches is not verified. We find that in tiie X4660 band the 
relation of the maximum intensity of the Q branch to that of the P branch is 
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Table V.—Band near 3120. 
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Fro 6.—Band X 3120. 

100 : 72, which agrees very well with the ratio of 100.70 found by Childs 
{loo. oi^). 

2. The values of J' for the strongest line in each branch shoidd be in the 
order F > Q > R and should be of the same order for all the bands 
This IS well borne out by our results, the maxima being m the correct order 
P > Q > B, and being nearly equal for all the bands, as evidence the agreement 
between the effective temperatures calculated for the bands fitom J'xxxi 
Table VI. 

9. The R branch is always markedly stnmger than the P branch for small 




580 R. C. Johnson and R. C. Turner. 

J' values, wkle for large J' values tiie two branohes are asymptotically about 
equal in mtensily. 

This conclusion is borne out by figs. 1 to 6. 


PertmbaiMnt. 


Curtis and Long (loo. oW.) have noted sue perturbations m this series of 
bands. They are;— 


Band 3676 
R6. 
P7. 
Q9. 


Band 3366. 
Rl. 
P3. 
Q5. 


Of these, Q 9 of band 3676 and Q 6 of band 3366 were noted as being split 
up into two components. Dieke* has advanced an explanation of this effect. 

In our observations on these bands, the above perturbations were observed, 
and for the Imes Q 9 and Q 6 the summed intensity of the two components was 
measured. This value of mtensity was found to be the value predicted from 
the curves m figs. 2 and 3, for the respective lines. 

The bne Q 11 of band X 4660 has abnormal mtensity, as has been found by 
Childs. This seems to be due to its comcidence with some foreign Ime not 
yet identified. 

DOenmtMtwn of Effective Temperatures 

Two methods are available for the determination of effective temperatures 
firom the line mtensities in a band. 

Method 1.—Considering the intensity distribution m a single branch of a 
band, wo have the temperature T given by:— 

4n» I t ’ 


where = the rotational quantum number for the imtial state of the line 
of maximum iutensi^. 

1 39 moment of inertia of emitter m initial state 


A 

8n».B . o' 

h = Planck’s constant = 6'56 X 10“". 

It = Boltsmann constant = 1*37 X 10““. 
0 = 3 X 10“. 

B » rotational term constant. 


(2) 


* 'Naton^’raL US, p. 446(1039). 
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The values of I were calculated, using the values of B given by Jevons.* 

The value of for each branch of each band was determined by inspection 
of curves in figs. 1 to 6, and the temperatures calculated from equation 1. 



The temperatures thus obtamed are tabulated m Table VI 
Metitoi 2.—'For the mtensity of any line m a band we have:— 

Intensity I = C . » , v* . s'"*? = C . * . v* . e 


“ Report on Bead Speotn.’ 




Fra, 7.-<-P bnuuthM. 
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where % <=> the appropriate mteiudty factor, 

= statistical weight of the level X probability &otor. 

0 SE temperature in degrees absolute, 

where J' refers to the imtial state of the molecule. 



The values of the mtensity factor " t ” for various types of band have been 
derived by Honl and London,* and the appropriate values for the bands under 
consideration are given by Mulliken {loo ott). They are :— 

»P = a.(j-l). 

= 2a . J' 

♦a = ® (J + !)■ 

* ‘ Z. Fbysik.' vol. 33, p. 808 (182S). 
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where 

a = constant, 

J = mean of J' for mituU state and J" for final state. 

The values of log, and of J' (J' + 1) ^ere calculated for each line of 

V* 1 

each branch and log, -ji- plotted against J' (J' + 1) as m figs. 6, 7 and 8. 

The resultant graphs should be straight lines of slope — q^. 

As will be seen from the figs. 6, 7 and 8, approzunate straight Imes are 
obtained and from the slopes, the values of 6 for each branch were calculated, 
usmg the values of B' given by Jevons. A slight distortion of the curves is 
apparent for low J' values mdicating that either the measured mtensities are 
too low or that the values of “ t ” for low J' values are too big. 

As the phenomenon is observed in ail of the bands, and has been recorded 
independently by Childs {loc. oU.) for the X 4650 band, we are of the opmion 
that the intensity factors are responsible for the effect 

The temperatures were calculated from the Imear part of the curves and 
are given in Table VI, together with the values from Method 1. 

The effective temperatures computed from the two methods show remarkable 
agreement, the maximum variation bemg only 5%. The mean effective 
temperature found for these bands is thus 750° A. which is m dose agreement 
widi the values of 760° A. and 786° A. found by Childs {loo. cU.) and Read 
(loc. at.) for the 4660 band and the 6400 band respeotivdy. 

The conclusion of Childs that a higher temperature is obtained from the 
Q branch than from the P and R branches, is not borne out by our results. 

These effective temperatures as is usually the case, are much higher than the 
true temperatures of the source. While it seems evident that they must bear 
some relation to the true temperature, no such relation has as yet been found. 

Fall of IrUenaty down the Swim. 

Since the bands of the " mam Ime series ” of Helium are distributed according 
to a line series formula, it is of mterest to compare the fidl of mtensify down 
the bands with the fall of mtensity down the Balmer series. 

For this purpose, it is necessary to toke the mtensify of a band as £ ^ for 


all the lines of the band. 
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Bongera* has measnied the Balmer aeries and has fband that his reaolts 
are represented by — 

1 _= (4) 

V* ’ 

where n and are the principal quantum numbers for the initial and final 
states respectively 

The analogues of n and rio will be the prmcipal quantum numbers n' and 
n" respectively of the bands under consideration. They are — 

n' =- 3, 4, 6, G, 7. for the bands at 4650, 3676, 3356, 3206 and 3120 
respectively, 

while n" — 2 for all the bands. 

A relation of the form equation 4 was assumed, namely — 



where c is a constant, and S is as defined above 


Table VII 


Bud 

1 I 

; . io-» 

> ! 

12 log *' j 

logr^ 
f 12 log s' 

log(»'-0 

A4dS0 

i 6100 40 

14 7162 ! 

6 7262 

1 

1 - 7 66 

0 

A 3676 

1 636 80 

16 8033 1 

7 2262 

1 - 6-87 

0-3010 

A3S66 

02 60 

16 0664 ' 

8 3880 

1 - 6 66 

0 4771 

A 3206 

1 22 80 

16-3670 ; 

0 3384 

1 - 6 31 

0 6021 

A 3120 

10 10 

l6 0026 i 

10 1412 

- 6 88 

0-6M0 


Equation (5) may be written — 

log E ^ + 12 log n' = c — a:. log (w' — n") 

The values of log E i + 12 log n' and of log (n' — n") were calculated and 
plotted as in fig 9. 

It IS interesting to note that the first four members of the serieslie precisely 


‘ Duaertation,’ Utrecht, 1927. 
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on • itni^t line, the fifth member showing slight devution ficom the linear 
leUtion. The slope of the Ime:— 

log S ^ + 12 log n' 
log («'-»") 

It seems significant that measurement of the slope gives the value of x as 
exactly = 2 



Thus the fall of intensity down the first four members of the pnncipal senes 
may accurately be represented by.— 

; I _ c. (w'-n")« 

V* n'“ 

The values of log £ 12 log and of log (n' — n") are given in Table Vll. 

On the scale adopted the value of c = 6’44 X lO'" 

The above formula is m staking contrast with that of Bongers which gives 
the power 3 to (n' — »"). 


Summary. 

lane intensity measurements on the first five members, XX 4660, 3676, 
3366, 8206 and 3120, of the mam line series of Helium bands are given. 

The predicted distnbution is of die correct type, but agreement with 
obestvation is not complete. Notably the P and R branches are much stronger, 
relative to the Q branoh, than the theory indicates. 
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An expremon of the form, t e where “ i ” u a linear function of J', 
18 sufficient to describe the observed distribution 

As with many other bands, the temperatures obtamed by assuming Mazwell- 
Boltsmann distribution are much higher than the true temperature of the 
source. A temperature of approximately 780° A is found for all the bands. 

The temperatures obtamed from intensity factor considerations are m close 
agreement with the values found from the position of the maximum mtensity 
m the branches 

The fall of mtensity down the scries is exammed and it is found that the 
relative intensities of the bands are given by a formula which is similar in 
some respects to that found by Bongera for the Balmer Senes 


The Change tn the Absorption Spectrum of Cobalt Chloride in Aqueous 
Solution with increasing Concentration of Hydrochloric Acid. 

By OwBN Rhys Howkll and Albert Jackson, The College of Technology, 
Manchester 

(Communicated by Enc K Ridcal, F U 8 —Received July 4, 1933 ) 
ItUrodudwn 

The red and blue colours of the cobaltous compounds and the change from 
one to the other have attracted much attention As the result of an investiga¬ 
tion of the absorption spectra of a number of red and blue cobalt pigments 
of known crystal structure and also of a number of red and blue cobaltous 
compounds m solution, it has been suggested* that both m the crystal and m 
solution the cobalt atom is in association with six other atoms or groups when 
the colour is red and with four when the colour is blue. Subsequent deter- 
mmationsf of the crystal structures of a vanety of compounds have confirmed 
this view I 

* Hill and Howell, ‘Phil. Mag ,’ vol 48, p. 833 (1024). A fairly full bibliography of 
imvioui woric will be found in this paper. 

t See ' Ann. Rep. Chem Soo.,’ vol. 24, p. 288 (1027). 

t Thtn has been one appormt exception, vu , the blue anhydrous cobalt ohionde in 
which tile oobolt is surrounded by six chlorine atoms. The structure, however, is of the 
layer type and the compound is bemg farther investigated. 
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The red colonr of an aqueous solution of cobalt chloride is attoibuted to the 
ion [Co(H|0)J*' and the blue colour with the same substance in presence of 
concentrated hydrochlonc acid to t^e ion [GoClJ^' The transition &om red to 
blue has been followed by measuring the densities,* viscosities*, refractive 
mdicest, surface tensionsf and electncal condnctmtiest of a senes of solutions 
containing the same amount of cobalt chloride with increasing concentration 
of hydrochlonc acid and of an exactly similar senes contaimng no cobalt 
The differences for corresponding members show marked inflection at the same 
concentration of acid (about 6N) for all the properties (except surface tension, 
since the concentration m the surface is different from that m the bulk), and 
clearly mdicate that the change is practically complete when the concentration 
of acid is about 9N The present mvestigation confirms these earlier observa¬ 
tions and the general conclusions drawn from them, and throws much new 
light on the changes occurring in solution. 

The absorption spectra of a senes of solutions containing the same amount of 
cobalt chlonde with increasing concentration of hydrochlonc acid have now 
been measured and it has thus been possible to follow quantitatively the con¬ 
version of the cobalt from red to blue groupmg, and to determine its dependence 
on the environment. 

The absorption spectrum of cobalt chlonde m concentrated hydrochlonc 
acid solution has been determmed by a number of ob8erverB§ chiefly for purposes 
of general comparison with other blue solutions but a very accurate mvestiga¬ 
tion by Brodell has shown the existence of seven bands ‘ (a) 696 m|i, (6) 679 mix, 
(e) 666 m|x, (d) 648 mp, (e) 626 m{x, (/) 610 m|x and (ff) 696 mp. Of these, 
however, only four, viz., (a) 696, (c) 666, (s) 626 and (/) 610 are clearly defined 
by the spectrophotometer with readings at mtervals of 5 mp, and we have 
therefore confined our attention to these. 

Expentnmkd. 

SoUuioiu .—^It was found by trial that the concentration of cobalt necessary 
to give a blue solutum of smtable intensity m the thmnest cell available (0 • 1 cm.) 
was secured by nmng 12 grams per litie of CoCl| 6H|0. Two solutimis 

* Howell, ‘ J. Chem. Soo.,' p. 168 (1927). 

tiM,p.2039. 

$iM,p.2843. 

I Bu me ll , ‘ Pioo. Roy. Soo.,’ voL 82, p. 268 (1881) , Hartley, ‘ Trans. Boy Soo. Dab- 
lin,' voL 7, p. 263 (1909); * J. Cbtm. Soo.,’ voL 83, p 401 (1903) ; Jones and UUer, 
‘Aow.CDwni. J.,’v(d.37,p.l26(1807)i HiU and Howell, loo oW. 

i * Hrm. Roy. Soo.,’ toI. 118, p. 288 (1928). 
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wexe prepared with this amount of Kahlbaum’s pure salt, free from iron and 
niokel, one m pure water and the other m pure hTdroohlorio acid solution so 
that the whole solution was exactly ION with respect to the acid All the 
mtermediate solutions were prepared by taking zoo. of one of these and 
100 — z 0 0 . of the other, both at 18°, and after mixin g and cooling agam to 
18°, making up to 100 c c with water at this temperature. The more con¬ 
centrated solutions were made up individually. The concentrations of all the 
solutions were checked by titration against standard sodium carbonate 
solution and against standard silver mtrate solution. 

An exactly similar senes of solutions for use as compensating blanks in the 
other beam was prepared &om water and 10 N hydroohlono acid only. 

Apparatus .—^AU measurements were made with the latest model of the Hilger- 
Nutting spectrophotometer, readings being taken every 5 from 720 nifi to 
420 m|i. 

The cells were specially made* and were ground accurately to length to 
within 0-0003 mm. Those from 10 cm. to 2 5 cm. were of the usual type, 
consisting of a tube provided with glass plates held in screw caps, those from 
1 cm. to 1 mm consisted of square plates of glass, bored, ground on both faces 
and closed with glass plates held by clips or rubber bands. 

Since the colour of the solution is dependent on temperature, it was essentuil 
to maintam this constant for all the observations The cells were therefore 
immersed m a thermostat placed immediately m front of the photometer 
windows The thermostat was a small box 13-6 X 10*6 X 10 cm made of 
brass and fitted at the ends with glass wmdows 4 0 cm. wide and 8*0 cm. high 
It was lagged with asbestos sheet The thermostat liquid was water heated 
by a small spiral of resistance wire immersed m it and stirred by means of a 
small glass stirrer dnven mechamcally The spiral was fed from a 4-volt 
accumulator through a thermo-regulator. Smce the available space was so 
small, this regulator had to be very compact, farther, with the low voltage 
apphed, it was possible to make it direct-acfang instead of using it to operate a 
relay. A description of it may therefore be of interest It is shown in fig. 1, 
and consists of a length of ^in. copper tubing A, bent as shown, and provided 
at one end with a glass tap B and at the other with a glass U-tube OCT, botii 
sealed in with Faraday wax. With tap B open, sufficient mercury is placed 
m CC' BO that the surface lies m tlie capillary of C and m the bulb of O'. A 
little glycenn is placed on the surface m C to reduce sparking. The tube D 
has sealed mto the end a pece of platinum wire with which contact is made m 
* Hawn. BalHngfawn and Stanley, L oodoa. 
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the usual way by means of a stout copper wire through mercury. Permanent 
contact is made with the mercury in C' by means of a sinular tube E. D is 
fastened to C, and E to O', by means of rubber tubing. The polarity of D 
and E is important to secure a sharp make and break The regulator is placed 
m the bath and the necessary connections made; when the desired temperature 
has been attamed, D is adjusted until the platmum wire just touches the mercury 
and tap B is closed. 

The working temperature throughout was 20“ ± 0 01 



Results. 

The instrument readings give the density, and this divided by the thickness 
of the Bolutirm is the Bunsen extinction coefficient. The values of the extinc¬ 
tion oo^oient were plotted against the wave-length for each solntaon. Typical 
curves for the red, bine and transttional solutions are shown in fig. 2. 

The values of the extinction coefficient at each of the four principal band 
maxima, 690*, 666, 626 and 610 mp were read firom the curves and these ate 
given in Table 1 for each concentration of acid. They ate plotted against the 
normality of the amd m fig. S. 

* AotaaDy, with a reading interval of 5 m|«, the first maximnm ie at 688 m|i, bnt Brode’s 
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DuCt4SsioH 

The oorvea, fig. 3, are very remarkable. The first pomt of interest is that 
until a o<Hisiderable ooncentrabon of acid la reached, no bine oonabtaent is 



7S0 6S0 S50 OSO 400 

Waye length mfi. 


Fio 2 

Curro A Cobalt oUonde in 9 0 N HCI Seal® aa shown. 

Carve B Cobalt chloride in water only Soale ■ moHlply by 0 01. 

Curve C. Cobalt chloride in 6 0 N HCI Soale • multiply by 0 03 

Yet some change has occurred over this range, smee the solutaiHis become 
*' muddy ” in appearance and are much more readily converted to blue by 
increase of temperature. Moreover, it has been shown* by measarement of the 
j^ysical properties (densities, viscoBities and electncri condnotivities) of one 
such solution (4N with respect to hydroohlonc acid) at a senes of temperatures, 
that the conversion to blue on warming occurs qmte oontmuously, m omitrast 
to that resulting from increasing the concentration of acid. It is therefore 


• Howell, • J Ohem Soo.,’ p. !«» 
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apparent that Uw effect of adding hydioohloiio acid up to this point is to replace 
two of the six water molecules by chlorine atoms, no change of colour resulting 
since the cobalt atom still mamtams a six gioupmg. 



First stage [Co(H,0)J** -► [Go{H,0)4Clt] 

With increasing concentration of amd beyond BON, the curves begm to 
rise sharply and eventually become linear. The Imear portion on projection 
strikee the axis of (xmoentration at 7-ION. 

The change bq;mning at 6*0 N, resulting m the formation of a blue oon- 
stitoent, neceesHates a reduction of the number of groups around the cobalt 
atom from six to four. It will appear that this occurs by introduction of 
another ohkKtine atom and elimination of three water molecules. 



Cobalt Chloride in Aqmou$ Solution. 


Second stage. [Co{H,0)4Cl J - [Co(H,0)Cl J' 

The linear change beginning at 7 lOX is complete at 9-0N, It is seen 
from the corves for the bands 696 and 666 mp. that the change ceases abmptly 
at this pomt. Conversion to the four grouping is cpmplete and further increase 



Sormalily of Hydrochloric Acid 


Fio. 3. 

in the concentration of acid produces absolutely no effect. The curves for the 
bands 626 and 610 m(i, however, show that a further change of different 
character proceeds beyond diis point and this will be disousaed below. 
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The ohsnge over the linear portion is evidently the oompletaon of the replaoe* 
ment of water molecules by chlorine atoms. 


Third stage : [Co(H,0)Cl,]' [CoCljr 
The ratios of the relative concentrations of chlorine atoms to water moleoules 
for the three critical concentrations, 5 ON, 7*1 N and 9*0N, are calculated 
m Table II. It is seen that the relative concentrations of chlonne atoms, 
2 3:4, are the same as for the number of chlonne atoms m the three complexes 
Bucoeasively produced. 

Table II 



1 Concentration of HCl 


6 ON 

7 IN 

9 ON 

HormaUiy cj Monne. | 

(a) itein HC3 

1 

6 00 

7 10 

9 00 

(t) Fram CoCl, 

0 01 

0 01 

0*01 

Mbnnallty of Cl 

a Ol 

7 11 

9*01 

MoUUUn of voter 

Wai^t of 100 e e ot oolution 

106 60 

111 84 

114 83 

HCl pnwnt 

18 26 

26*21 

32 86 

OoCh 

0 66 

0 66 

0 66 

H«0 

89 76 

88 98 

81*18 

MoUUtyofU.O 

49 9 

47 8 

46 1 

Mombtr of chlorine etome 

Number oi water moteonlee 

0 100 

0 149 

0 200 

RatkM 

1 

1 49 

2 OO 

lUtioe of Cl atoms in the omnpleses 

1 

1*0 

2 


Evidently, therefore, the factor determmmg the state of the cobalt atom is 
the environment. The relative concentrations of the constituents of the 
medium alone determine the constitution of the complex, the relative concen¬ 
tration of cobalt to the other constituents is of no account. 

This is clearly seen from Table Ill where the extanction coefficients at the 
two principal maxima (695 and 666 mp) of a senes of solutions all 6 N with 
respect to h 3 rdroohlorio acid but containing varying amounts of cobalt are 
given. The extinction coefficient is directly proportional to the concentration 
of odfaalt over this wide (sixfold) range. 

Indeed in the previous work, already mentioned, on the physical properties 
ol aolatkms of cobalt chloride and hydrochlotio acid, the conoentratum of 
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cobalt was ten times that m the present experiments, yet the differences curves 
all indicate that the change is complete at about 9 N and all exhibit mflexicn 
at about the same concentration of acid as that at which it is now seen that the 
blue constituent begins to be formed In the absence of any information, 
apart from the appearance of the solution (which is deceptive), regarding the 
actual amounts of red and blue constituents present, it was suggested that at 
this pomt equal numbers of the doubly positively and doubly negatively 
charged ions were present, it is now seen, however, that at this pomt no blue 
form IS present and the electrical neutrality is accounted for by the fact that the 
cobalt atom is present wholly as the uncharged complex [Co{H, 0 ) 4 ClJ In 
particular, the very pronounced mimmum at 6 N acid on the conduotivify 
differences curve receives a full explanation 


Table III 


Thiokneti 


Extinction 
coefflcinnt 
696 m/i 


Ex foeff 
Cone 

1 


Extinction 
coefficient 
666 ms 


Ex coeff 
Cone 



0 ISO 
0 306 
0 690 
0 924 


0 060 
0 061 
0 049 
0 061 


0 140 
0 206 
0 680 
0 806 


0 047 


0 049 


0 048 
0 060 


The curves for the maxima 626 and 610 m(ji, fig. 3. are markedly different 
firom those for 696 and 666 fn|i in one respect, namely, that be 3 rond 
9*0 N the extinction coefficient does not remain constant but contmues to 
mcrease. 

The foot that the extmction coefficient for the 696 and 666 m(i bands remams 
perfectly constant with mcreasing concentration of acid above 9*0 N shows 
that the whole of the cobalt must be completely converted to the four grouping 
at this pomt; it is therefore suggested that the continued increase in the 
exlanction coefficient for the 626 and 610 mp. bands is due to the dejnession of 
the ionization of the complex [C 0 CI 4 ]" with increasing concentration of acid 
With this divalent ion one of the hydrogen ions should be more readily asso¬ 
ciated the second. It is seen that the extinction coefficient increases 
much more rapidly for the 626 mp maximum than for the 610 mp. 

It would therefore appear that these four prmcipal bands m the spectrum 
are due to the four valences between the cobalt atom and the four groups 
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associated with it, the bands 696 and 666 being due to the two i«inoipal 
valences and the bands 626 and 610 m(i. to the two anxiliaij valences. 



This would account for the facts (1) that the two bands 696 and 666 f»n 
develop simultaneously and are both fully complete at the same oonoentxataon 
of acid, sinoe the two chlorme atoms attached by principal valences ate already 
present before the four grouping begins, (2) that the mtmisity of the bands 
626 and 610 mp contmues to mcrease with increasmg concentration of amd 
(after the other two have reached their full value), since it is only the two 
chlorine atoms attached by auxiliary valences which are affected by depression 
of ionisation, and (3) that the mcrease in intensity after the Imear stage is over 
proceeds at different rates for the two bands, smee the degree of dissociation 
of the two ionisable hydrogens will be different. 

Attention has been devoted to the blue constituent to the exclusion of the 
red, because the absorption of the one extends into the region of the other , 
this IS of small account so far as the blue is concerned, since the absorption 
of the red is so feeble and no correction has been made for it. Although the 
absorption of the blue constituent is relatively small in the region of the 
principal band of the red constituent, the correction for it would be enormous 
compared with the total absorption, smee the mtensity of the blue is so very 
large compared with the red. The extmotion coefficient for the pnncipal 
band when the solution is wholly red (see fig. 2) is only 0-238 and for the 
principal band when the solution is wholly blue, with the same concentration, 
of cobalt, it is 22 0, which is 92-6 times as great 

Summary 

1. The absorption spectra of a senes of solutions containing a fixed amount 
of cobalt (12 grams of CoClg6H|0 per htre) with inoressing concentration of 
hydrochloric acid have been measured and plotted. 

2. The extmotion coefficients at the maxima of the four principal bands, 
696, 666, 626 and 610 mp., have been plotted against the concmtration of add. 

3. These curves show that no blue constituent is formed unkl a oritioal 
concentration of acid (6-0 N) is reached 

4. The amount of the blue constituent then increases rapidly witii increasing 
concentxatum of aod, the relation soon becoming linear. The linear relation 
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begins «t 7-1 N acid and, for the 695 and 666 m|i bands, it is complete at 
9-ONacid. 

6 The ratio of the relative numbers of chlorme atoms to water molecules 
at these three critical concentrations of acid is 2 3 4 

6 The mechamsm of the change as suggested by previous work is — 

[Co(H,0),l" ->[Co(HjO)4 C1J -►[Co(H,0)Cl8l' ->[CoCl 4 r 
Red Red Blue Blue 

The relative number uf chlorine atoms m the complexes at the three stages is 
also2 3.4 

7. The state of the cobalt atom is therefore determined only by the environ¬ 
ment and is independent of the relative concentration of the cobalt to the other 
constitaents This has been demonstrated by measurmg the absorption 
spectra of solutions contaimng varymg amounts of cobalt in the same concen¬ 
tration of acid, the extinction coefficient for each band is directly proportional 
to the concentration of cobalt 

8 For the bands 626 and 610 mp, the extmction coefficient contmues to 
increase with mcreasing concentration of acid beyond 9 ■ 0 N. This is explained 
by the depression of ionization of the complex, the suggestion therefore follows 
that the two major bands, 696 and 666 mp, relate to the prmcipal valences and 
tiie two min or, 626 and 610 mp, to the two auxiliary valences, which alone axe 
affected by further increase m the concentration of acid. 

9. The intensity of absorption of the blue complex ion is 92 >5 times that of 
the red 
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The Transmission of Infra-red Radiation by a Thtn Layer of Horn. 

By H. J. Tayu>b, Ph D., B,Sc. 

(From the T/)ndon Clinio and Institute of Physiwl Medicine.) 

(Communicated by Sit Leonard Hill, F R 8 —Received July 6, 1933.) 

Tbe layer of horn used for this research was peeled m relatively large sheets 
off the skin after the subjeot had been exposed to an aro lamp. Mioroaoopio 
seolaons of it showed several layers of homified cells. The sample was free 
from holes, and the average thickness was 0 022 mm. A sample of the same 
ongm had been used m a research by Angus and Taylor* on the transmission 
of visible and ultra-violet rays The present paper completes the study of the 
transmission and is of mterest in regard to the penetration of rays, from 
various sources of heat, through the outer homy layer of the skin. 

AppanUiu and Method 

As a source of infra-red radiation shorter than 2*8 |x a 100-watt tungsten 
filament gas-filled lamp was used, and for radiation longer than 2*8 (i a small 
electric resistance made by Qerdes of New York. The pre-heater of a Nemst 
filament u very often used as a source, but owing to the nature of the experi¬ 
ments to be desenbed the emission of this source was found to be too low for the 
Pasohen galvanometer which could not be used at the high sensitivities of 
which it was capable. The dispersive system was a Hilger infra-red spectro¬ 
meter (small model) with a collimator slit, collimator mirror, rock-salt prism, 
Wadsworth mirror, telescope mirror and telescope slit behmd which the 
thermopile was mounted. The prism table was rotated by a wave-length 
drum An apparatus of this sort does not lend itself to exceptionally refined 
measurements, but for the work to be desenbed its accuracy was more than 
suffioient. The thermopile used m the early experiments, when the skm sample 
was placed m front of the collimator slit of the instrument, to determme its 
transmission, was a Hilger Imear thermopile. In subsequent expenments a 
surface thermopile with a sliding adjustable slit, kindly loaned by Professor 
A. V. Hill, was used. With this combination the transmission of a material 
could be determined by reading the galvanometer deflection with the instm- 
' meat set to the wave-length required, then placing the material whose trans- 


• Proo. Roy. 8oo.,' B, vol. 100, p. 800 (1081) 
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xnumoa was requited, in front of the collimator slit and agam measuring the 
deflection. The companson of these readmgs gives the flraotional transmission 
for the wave-length used This procedure was repeated throughout the whole 
range of spectrum required 

The sources used were always allowed to run for a considerable time, never 
less than half an hour, before an experiment was earned out, so that the emis¬ 
sions were constant The voltage applied to the source Was also controlled 
for mams fluctuations by an assistant The results are given in Table I. 


Table I. 



Fia 1 —l^ansmiBsion of homy layer by first method. 


Losses in transmitted radiation due to scatter had then to be considMed 
They were fully discussed by Angus and Taylor (too. cU.) and will only be 
bnefly referred to here. There are two ways m which loss due to scatter may 
be overcome 

(o) By such a scattering source of radiation so that no reductum in 
mtensity due to scatter by the homy layer could take place; and 
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(6) By placing the homy layer so close to the thermopile that no scattered 
radution is lost 

An attempt had been made with Angus to use method (a); a scattering 
source being obtamed by the use of two frosted rock-salt plates. But it was 
foimd that however well the surfaces of the plates were frosted their scattering 
power m the infra-red region was comparatively low, and method (6) was 
therefore tried 

It was impossible to place the homy layer actually in contact with the 
thermopile surface since the latter would have been damaged by this procedure. 
A thin piece of stiff cardboard with a rectangular orifice over which the homy 
layer could be mounted was therefore fixed to two cork supports which fitted 
mto spaces between the thermopile itself and its mount. This was con¬ 
structed to give a clearance for the homy layer when mounted of 0*76 mm. 



Fio 2 


A and B are the cork supports for the mount CD, EF, whilst DE represents 
the homy layer and QH the thermopile surfime. S represents the slit. 

The adjustable sbt S was set to a standard width (0*01-inoh) by means of 
engineets’ " feelers.” This method of setting the slit lends itself to quite 
accurate determinationB since m six trial settings of the slit no difierenoe in 
galvanometer deflections could be obtamed 

An experimental determination was carried out as follows. The thermopile 
was placed so that the dispersed radiation was focussed on it by the telescope 
minor. 

A memury vapour lamp was set up in front of the telescope slit of the spectro¬ 
meter, and the vrave-length drum of the instrument set for the line X 6460 
in the mercury spectrum. The thermopile was then adjusted until this line 
by visual observation was ooinoident with the slit. This piooednre was repeated 
with the line X 6790. The wave-length drum was then set for the line X10200 
and adjustments made to the thermopile if necessary so that a maximum galvano¬ 
meter deflection was obtained. This line was then focusMd m the slit. This 
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procedure was earned on until each of these lines in turn could be focussed m 
the thermopile sht by movement of the wave-length drum only. Any wave¬ 
length marked on the drum could then be focussed on the thermopile slit. 
The mercury vapour lamp was then removed and the inlra-red source to be 
used placed m position in front of the telescope slit. The 100-watt tungsten 
filament lamp was placed at a distance of 1 metre finm this slit, the voltage 
across it bemg controlled by a small resistance and a voltmeter 

With the mount, but without the horny layer, fixed in position in front of 
the thermopile, deflections on the galvanomct<‘r were obtained for wave¬ 
lengths 0 8 ( 1 . to 2 8 (JL 

The connection from the thermopile to galvanometer was then broken, the 
slit opened and the homy layer placed in position m the mount in front of 
the thermopile. The homy layer was fixed to its mount by a little gum on its 
edges The slit was then closed to width of 0 01 using the feelers, as before, 
and the thermopile placed m its correct position using tho radiation from the 
mercury vapour lamp as a standard, also as before. The deflections on the 
galvanometer for wave-lengths 0*8 p. to 2 8 p, were then obtained The deter¬ 
minations were repeated both without and with the homy layer m position 
The mean deflection for each wave-length determined in each series was found. 
From this tho firactional and therefore the percentage transmissions could be 
found. For wave-lengths longer than 2 *8 p. the small electric heating resistance 
coil was used A soncs of experiments for these wave-lengths and with this 
source was earned out m a similar manner to that for wave-lengths 0’8 p. to 
2-8 p, when the tungsten filament lamp was used. 

It should be noted that the galvanometer should be on a low smaitivity bo 
that no alteration of sensitivity need be made durmg a senes of experiments 
Under these circumstances a rapid swmg of the galvanometer system was 
obtained. It was thought that this rapidity of determination might help to 
eliminate the oflect on the thermopile of any wanning of the homy layer by 
absorption of radiation, but this was found by an experiment, to be desonbed 
later, to be negligible 

If the matenal, the transmission of which is to be found, is non-scattenng 
then one can tell if the heat generated by absorption of radiation afiects the 
thermopile by movmg the matenal to a certam distance from the thermopile 
and comparmg deflections. This cannot, however, be done with the homy 
layer owing to scatter. An experiment was, however, carried out on a piece 
of cellulose acetate matenal of thickness 0*03 mm. This is a clear non- 
scattering matenal which has a transmission curve (m the infra-red) siinilar 

2 R 
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Table II. 
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to tiiat of homy layer. The trananusaion of this material for wave-lengths 
between 0*8 (i and 6 was found by placmg it in front of the colhmator sht 
of the spectrometer, and comparing galvanometer deflections with and without 
it in position, m the usual way. For comparison the cellulose acetate material 
was then placed near the thermopile surface m the position occupied by the 
homy layer in the previous experiment, and its transmission determined for 
some wave-lengths. As shown m Table III the results are cmnparable showing 
that the effect on the thermopile of any heatmg of the sample by absorption 



of radiation may be neglected. One then assumes that the same holds good 
for the homy layer. 

In addition to the &otor of rapidity m the swing of the galvanometer and the 
resultant small tune the homy layer is exposed, the small area of homy layer 
exposed compared with its total area allows any heat generated to be rapidly 
dissipated. (Sht width 0‘01-inch, width of skin sample 0'376-inch.) 

The transmission curve for the homy layer shows marked absorption m the 
region 2*75-3*75 p and beyond 6 p. Water, water vapour and substances 
containing the hydroxyl group show absorption bands m the region of 8 p 
whilst a large number of organic substances have absorprion bands between 
3 p and 3*6 p a shift occurring with the type of carbon linkage. Inorganic 
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oarbonatee also show marked absorption in the region of 8*6 (i. Owing to the 
comi^ez ohemioal nature of the homy layer an accurate analysis of the 
absorption bands is impossible. 

For a sample of the whole slnn of a rat, dned m the air, 0*41 mm. thick, 
absorption was found to be complete beyond 3 (x. If it could have been 
studied m a moist condition it is probable that absorption would have been 



Fia 4 —Traiwmlarioa of oelluloae acetate material, 0 03 mm thick. Q Material near 
thermopile. 

complete at a somewhat shorter wave-length. The transmission curves shown 
confirm the work of Sonne.* He compared the effect on the body of the 
radiation &om an mcandescent lamp with that of a resistance coil heated to 
just below visibihty. The former gives most of its radiation m the region of 
wave-lengths shorter lhan 3 (x where skm transmission is high and the latter 
gives high emission at 3 |x where skin surface absorption is high. 

* ‘Acta. med. sosod.,’ toL 64. p. 336 (1931) 
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Table III 

The Tratmussum of Cdiulose Acetate. 


W»ve-I«i>gth 
in n 

Mean defleobona 

Material in. | Material nut 

Percentage 

tranamitaion 

Peroentafce 

with aample near 
thermopile 

1 26 

19 

20 

06 

03 

1'6 

70 

77 

01 


1 76 

136 

163 

88 


2 0 

72 

86 

86 

- 

2-26 

80 

100 

80 


2 6 

54 

00 

60 

62 

2 76 

10 

86 

22 


3 0 

8 

00 

0 

10 

3 26 

16 

06 

16 


3 6 

37 

104 

.36 

30 

3 76 

68 

103 

66 


4 0 

60 

02 

04 

64 

4 26 

76 

107 

70 


4 6 

77 

107 

72 


4'76 

72 

08 

73 


6 0 

60 

90 

76 

75 

6 26 

61 

80 

76 


6 6 

42 

66 

76 


6 76 

12 

23 

52 


0 0 

4 

14 

:» 

31 

6 26 

12 

' 30 

40 


6 6 

10 

1 26 

40 


6 76 

2 

1 28 

7 

1 

7 0 

Nil 

j 30 

Vil 

1 ■“ 


I am indebted to Sir Leonard Hill for help and to Professor A. V. Hill for 
the loan of one of the thermopiles used. 


Summary 

A method is desenbed for measuring the transmission in the infra-red region 
of the spectrum of a thm layer of horn, 0 022 mm. thick. Marked absorption 
was found in the region of 3*4 p, and also m the region beyond 6 p 
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W. Jackson, M.So., Eleotncal Engmeermg Dept., College of Technology, 
Manchester. 

(Commiinicatcd by M Walker, F R 8 —Received July 8, 1933 ) 
ItUrodwAwn. 

While attention has been devoted to the behaviour of liquid dielectrics under 
constant applied voltage, the effect of prolonged steady voltage application 
on the power loss exhibited by such dieleetncs in alternating electric fields 
does not appear to have been studied. The present paper describes an anal 3 r 8 is 
of this effect m a series of dielectric loss measurements on samples of several 
liquid hydrocarbon derivatives—^benzeno, toluene, chlorbenzene and nitro¬ 
benzene—over the frequency range 2 X 10* to 2 X 10* 03 rcle 8 per second, 
before and after the application of D C. voltage 

The scope of the measurements may be summarized under the following 
heads — 

(1) Investigation of the variation of the dieloctno loss, as shown m the 

equivalent senes resistance of a test condenser containing the dielectric, 

with frequency at constant temperature. 

(2) Investagation of the variation of the loss resistuice with temperature 

at constant frequency. 

(3) Investigation of the behaviour of the dielectnc under steady potential 

and followmg prolonged steady voltage application. 

Meslhod of MeasuretnetU, 

The method which has been used most frequently for condenser loss resistance 
measurements at radio frequencies is a Substitution Method, the validity 
of ishich rests on the assumption of zero loss in some standard condenser with 
which the test condenser is compared. In the cucuit of fig. 1, L is a self 
inductance, Cx the condenser to be tested, G a standard condenser and A a 
current measunng device. This circmt is loosely coupled through L to a 
source of contmuous oscillations of the requisite frequency. The procedure 
consists in adjusting C and Gx so that they are equal and give circmt resonance 
at this frequency. The total oirouit resistance is then measured with Ox 
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inserted and afterwards remeasured with replaced by the standard con¬ 
denser C On the assumption that the standard 0 is devoid of energy loss, 
the unknown loss resistance of the test condenser follows at once as the 
difference between the two measurements. 

This supposition of sero loss is not justified, however, for oven the best 
commercial air condensers, and three methods have been devised to overcome 
this limitation. Dye* developed a special condenser in which the whole of the 
losses were regarded as concentrated m the insulating material supportmg 
the msulated plate This condenser he applied successfully to the determina¬ 
tion of the loss m high-grade condensers of power factor of the order of 60 X 10“* 
over a frequency range from 6 x 10* to 1*6 x 10 * cycles per second Moullinf 



Fio 1 — Cj,, test condonsor , C, air oondoiwor ,008, uhango-ovor switch .ms, moroury 
switch for inscrtHWi of resistance 

has adopted a somewhat reverse procedure m developing a method for use 
at firequenoics of the order of 4 X 10* cycles per second, by employing coils L 
of accurately calculable high-frequency resistance m the form of long narrow 
single layer rectangles, thus avoidmg the need for a standard condenser The 
author} has also attempted to eluninate this need by making use of a vanable 
mutual inductance, but m the latter small self and mutual capacities introduce 
unavoidable inaccuracies. 

In the present work the substitution method has been retamod, but m order 
to avoid any assumptions regardmg zero loss m the standard condenser and at 
the Hume tunc to allow for any residual loss m the test condenser not ansmg 
from the inserted dielectnc, two crmtmuously vanable condensers of identical 

• ‘ Pioo Phyg. Soo.,’ vdL 40. p 286 (1028). 
t ‘ Proo. Roy. Soo.,* A., vol. 137, p 116 (1932) 

$ Jaokson, ‘ J. Inst Bleot. Bng.,’ voL 68, p 296 (1990). 
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form were constructed, one to act as the standard C, the other representing Gy 
and carrying the dielectnc under test 

The details of these condensers are shown m fig. 2. Each consisted of a 
thick circular brass disc mounted inside a shallow cylindrical brass container. 




1 Laggedwoodm 
✓ endosure 

J 

i Ji 

1 Gvtm^bss ^ 




_i 



Miuer Bath 



Fio 2 - Scale 1 cm - 2) in (approx.) 


The disc was provided with a long spmdle, threaded at its lower end, and 
supported on this m a metal bush located at the centre of a thick circular 
crown glass plate which rested on the nm of the container. At the upper end 
of the spindle holes were drilled into which a long ebonite rod could be inserted 
for the purpose of rotating the disc and varymg its distance from the bottom 
of the container In addition, a mercury cup was provided at the top of the 
spindle to permit of undisturbed connection of the condenser during capacitance 
vanation Since the calibrated condenser available covered a range up to 
8(X) micro-microfarads, the condensers were designed to give this capacitance 
value with air dielectric for a plate separation of about 0*5 mm The test 
condenser was nickel plated in order to guard against the possibility of the brass 
being attacked by the dielectrics to be inserted The frequency range of 
measurement fr*om 2xlO®to2xlO*cp8 (1500 to 150 metres) was covered 
m steps by use of several low loss coils of difierent inductance value. Resonant 
adjustment was efiected with each of these coils m circuit by coarse and 
vernier control of the oscillator frequency. 

In view of the important effect which temperature exercises on dielectnc 
loss, it was necessary to keep this constant throughout a senes of measure¬ 
ments This was done by surroundmg the condensers by a water bath of 
the form shown m fig. 2. The trough into which the condensers were inserted 
was only slightly deeper than the oontamer, and the enclosure was completed 
by a lagged wooden cover through the top of which the condenser spindles 
{kotruded. The mass of water oontained in the bath was such as to ensure 
that once the bath had been brought slowly to the desired region of temperature, 
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either by addition of loe or by external heating, and the condenser temperature 
allowed to equalize itself, the temperature of the oondensers remamod steady 
over a sufficiently long period to enable a complete sot of measurements over 
the frequency range to be earned out This arrangement also made possible 
an mvestigation of the eiloct of temperature on the dielectnc loss m an ordered 
manner, since the temperature of the condensers could be raised or lowered 
at a very gradual rate. In view of the small thickness of liquid dielectnc 
in the test condenser, provided that this temperature variation was carried 
out very slowly, no senous danger existed of a temperature gradient across 
the dielectric medium The oontamer of each condenser was bonded to the 
copper water bath, and the latter connected to the earth point E of the measur¬ 
ing circuit. 

Before commencmg the dielectnc lass measurements, the two condensers 
were adjusted to the same capacitance value, 800 micro-microfarads, and 
compared, each with air dielectnc, over the whole frequency and temperature 
range to be covered in the measurements. In carrying out this comparison, 
the condensers were switched mto the resonant circuit m turn and the current 
value for each noted. This was followed by measurement of the total circuit 
resistance with each condenser in oircmt It was found that the condensers 
could be regarded as identical over the whole frequency range at temperatures 
from zero to 46° C Above 60° C the condenser used as Ox had a measurably 
greater loss than the normal air condenser, and at a temperature of 66° €• 
and a freijuenoy of 6 6 X 10^ had an excess loss resistance of about 0> 02 ohm. 
These tests were followed by a comparison of the condensers when a known 
resistance was inserted in series, and when a known leak resistance was con¬ 
nected m parallel with one of them. The deduced values of the added series 
and leak resistances agreed with their previously known values. 

The mam difficulty with comparison methods of condenser resistance 
measurement arises m makmg the difference between the total circmt resistance 
with the test and air oondensers m circuit a sufficiently large fraction of the 
total to permit of its accurate determination Where a vacuo thermo-j unction 
proved unsuitable, this was facilitated by using a thermiomc voltmeter to 
measure the voltage set up across a small coil included m the measuring circuit. 

Before the insertion of a dielectnc mto the test condenser particular care 
was taken to punfy the liqmd and to ensure, as far as possible, freedom from 
moisture. The liquids were mtroducod through a hole provided near the edge 
of the crown glass cover, the filling process being earned out slowly, and with 
the condenser tilted, so as to avoid the trapping of air bubbles between the 
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plates To make sure of tills, it was usual to screw the movable plate into 
contact with the base of the container before the capacitance was finally 
adjusted to the desired value The dielectric was arranged always to cover 
the upper surface of the movable plate, and its temperature vras measured on 
a thermometer dipping into the dielectnc at the edge of the container and pro- 
trudmg through the wooden cover surrounding the condensers. All the 
important measurements were earned out at low temperatures to avoid the 
formation of a film of evaporated liquid on the under surface of the glass cover. 


Lhdedric Lota MeaauremetUa on Nitrobenzene. 


The removal of the last traces of moisture from nitrobenzene durmg its 
preparation for test proved a matter of great difiiculty, but this led to the 
interesting effects which were apparent following the prolonged application of 
D.C. voltage across this dielectric. Smee the paper is concerned mainly 
with the behaviour of this liqiud, it will be well to record the procedure adopted 
m its preparation. 

A reasonably pure commercial product was washed twice with dilute caustic 
soda, followed by six waahinp with distilled water, with the lapse of one hour 
between washmgs. It was then allowed to stand ovenught to permit of 
adequate separation of free water, and then shaken for two days over anhydrous 
calcium cldonde, and filtered This prolonged shakmg was twice repeated. 
The resulting liquid was distilled and then rc-distilled with neglect of an 
appreciable amount of the early and late products of distillation. 

The nitrobenzene was finally transferred from the collecting chamber to the 
test condenser, and the dielectnc loss resistance measured, for a capacitance 
value of 1600 micro-microfarads, at a constant temperature of 21® C. over the 
frequency range from 2 X 10* to 2 X 10* cycles per second. The results of 
these measurements are shown in curve (a), fig. 3, where, for convenience m 
interpretation, the loss resistance has been plotted against the inverse of the 
square of the frequency. 

The linear nature of this curve indicates that the behaviour is that of a 
perfect condenser with a leakage resistance which is constant and mdependent 
of frequency. This conclusion is based on an analysis of the ample system of 
fig. 4, in which c represents a loss-free condenser and r a constant leakage. 
The equivalent series resistance and capacitance of this system are, respectively: 


Rx 




and Cx = 


l+tV<J 
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If, however, r is large in comparison with 1 fato, tiieee simplify to the form 



Fig 3 —{«) Temperature 21® C ; (6) 11° C , (r) 11° 0 , (rf) modified form of curve (t) 
after 18 hours steady voltage appbcation, and recovery for 8} hours Froqueney 
range 2 X 10» to 2 X 10* cycles/scc. 

Within the range of frequencies employed no change of test condenser 
capacitance could be detected. This also is consistent with representing the 
loss by a constant shunt resistance, as mdicatcd by the equation Cx = c above. 


r 

1—vVWVNA/—I 



c 


Fro 4 

Although the dipole theory of Debye* relates only to dilute solutions of 
polai liquids m non-polot solvents, it is of mterest to see whetiier any anomalous 
effect might be expected with nitrobenzene at the frequencies with which the 


“ Bolar MbleonlM,” Chem. Oatalogue Go., New York (1028) 
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measnrementB are oonoemed. The region of frequency m whwh anomalous 
dispersion and absorption occur is given by the following relation for the 
“ charaotcnstic frequency ” 

KT 

where a is the radius of the equivalent molecular sphere 

Y] IS the coefficient of viscosity, 

K IS Boltzmann’s constant (1*37 X 
and T the absolute temperature. 

At a temperature of 20° C. (T = 293), i) and a may be taken as 0-0201 and 
3-43 X 10~* cm.* respectively, for wluoh - 6-3 x 10* cycles per second 
It IS not to be expected, therefore, that the effect would be noticeable in the 
present measurements 

The leakage resistance which would account for the behaviour of curve (o), 
fig 3, IS about 16,000 ohms, and it was at once apparent that greater precaution 
must be taken to avoid moisture content 



Before carrying this into effect, however, the variation of loss resistance 
with temperature was mvestigated, and the results obtained at a frequency 
of 6*26 X 10* oydes/seo. (480 metres) are shown in curve (a), fig. 6. A 
oontinoons inorease of loss reeistanoe with temperature, simultaneous with a 


Ismdolt and Bomstein, ‘ Phys. Cham. TkUes.' 
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rapid decrease of the dielectric constant, was found to oocur. In order to permit 
of the dielectric loss results bemg related to constant capacitance and frequency, 
the test condenser was readjusted in sympathy with the venation of the 
dielectric constant. The morease of conduotiviiy with temperature noted 
was observed agam later, on the application of steady voltage across the 
dielectnc. Curve (6), fig. 5, shows the results on a sample of nitrobenzene 
which had been subject to prolonged application of steady potential. 

In order to guard against the danger of absorption of moisture durmg' 
transfer of the nitrobenzene mto the test condenser, the liquid was re-distilled, 
after a long period of shaking over anhydrous calcium chloride, directly mto 
the condenser via a suitable collecting chamber Even this was not regarded 
as a sufficient safeguard unless all moisture was removed from both the distilling 
apparatus and the condenser. The distilling system was arranged, therefore, 
BO that a current of air could be circulated contmuously for a long penod 
previous to the mtroduction of the liqmd and the commencement of distillation, 
in such a way as to pass, at suitable points, over phosphorous pentoxide. 
The whole system was scaled except at such pomts as air outlets were necessary 
for safety dunng distillation, but these had access to the distillmg circuit 
only through phosphorous pentoxide tubes Facility was provided for by- 
passmg the early products of distillation from the collecting chamber, and for 
disconnectmg the condenser firom the system, without mlet of moist air, when 
the nitrobenzene had been transferred 

Measurements on mtrobenzeno prepared m this manner gave curve (6), 
fig. 3. It 18 seen that there is a marked decrease in loss resistance as compared 
with curve (o), though the nature of the variation over the froquenoy range is 
the same The nearest approach to complete removal of moisture by prepara¬ 
tion of the mtrobenzene in the above manner, without the application of 
steady potential across the test condenser, is mdicated by curve (o) The 
measurements recorded m curves (6) and (o) were carried out at a constant 
temperature of 11® C. Curve (d) shows the modified form of curve (6) after the 
application of a steady potential of 60 volts for 16 hours and a recovery period 
of 8^ hours followmg its removal. 

Effects wUh NUrobenzens BesuUnyfrom Steady Voltage Applioation. 

Interestmg effects were observed on the application of steady voltage across 
the dielectnc medium. These measorements under D.C. potential consisted 
in recording the charging current during voltage application to the condenser, 
and m a study of the effect of this application on the loss resistance to hij^ 
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Arequenoy onnents at inteivalB of time after its removal. During the 
penoda between succeeuve meaauremente of loss reeistance, the measuring 
circuit was kept closed so that the condenser was able to discharge through the 
circmt. During those tunes a micro-ammeter was introduced to measure any 
discharge current existing 

(A) Dielectric Recovery Following VoRage Removal 

The curve of fig. 6 shows the variation with time of the current entering 
the condenser under a steady potential of 60 volts suddenly apphed at time 
(rs 0. The condition of the dielectric previous to this apphoation was that 



to which the results of curve (6), fig. 3, apply. Since it was not possible to 
commence current measurement until several seconds after voltage application, 
by which time the " normal" charging current will have ceased to flow, the 
curve of fig. 6 gives the sum of an “ anomalous ” current and the “ steady ” 
leakage. This latter may reasonably be taken as the current value of 106 
micro-amperes after 16 hours voltage application. 

For alternating electric fields the conditions are such as correspond to very 
small values of t. It has been seen that the mtrobenzene samples tested behave 
as if the liquid has a constant conductivity. This should be equal to the imtul 
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(xmductivity under continuous voltage.*t Since the earliest current measure- 
ment recorded m the present work was after 10 seconds, it is not possible to 
check this conclusion effectively. At the time of 10 seconds, however, the 
equivalent leakage resistance is 49,000 ohms, a value which would be responsible 
for a loss resistance of 0*99 ohm at 663 metres, as compared with the value 
of 1 *34 ohms measured immediately before application of steady voltage, and 
the value of 0-086 ohm which would be produced by the conductivity corre¬ 
sponding to the “ steady ” leakage current of 106 micro-amperes. 

The manner m which the loss resistance of the dielectric vaned with recovery 
time followmg the removal of the steady voltage, as measured at a frequency 
of 4-6 X 10* cycles/sec (663 metres) is shown m fig. 7 Curve (c) relates to 
conditions after the application of 60 volts to the dielectric on which the results 
of curve (6), fig 3, and fig. 6 were obtamed. The loss resistance at this 
frequency before the steady voltage application was 1-34 ohms Curves (a) 
and (6), fig 7, relate to a sample of nitrobenzene which had not been so well 



Fio. 7.—(i) Loss iwiistanoe before stewly voltage application for (a) and (6); (u) Loss 
TBSistanoe before steady voltage application for (c), (d), and (e). (a) and (h) Alter 
i and 1} houra application respectively; (c) after 16 hours appkoation, (d) and 
(«) after 40 and 80 hours further apfdioation. Frequency 4-5 X 10* oyoles/seo. ; 
temperature, 11® C. 

purified and which, therefore, had a somewhat higher initial loss, 1-76 ohms 
These curves show the behaviour of this bquid after the apphcation of 60 volts 
for penods of ^ and ij hours respectively. Curves (d) and (e), fig 7, were 
taken on the same dielectnc as curve (c), but after a further voltage application 
of roughly 40 and 80 hours duration. These latter penods are not stated 

a Tank * Ann. Physlk.,' voL 48, p. 307 (1915). 
t Whitehead. ‘ Trans Amer Inst. Elect. Eng.,’ voL 50, p. 698 (1931). 
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precisely ainoe additimal tests were earned out on the dielectno at intervening 
times. 

The effect of steady voltage application is thus to canse a decrease in the 
high frequency loss resiatanoe to an increasing extent with increased time of 
application. The dielectric shows an approach to complete recovery of its 
origmal state after 4 hours under the conditions of curve (a), but for (b), (o), 
(d) and (e) no suggestion of ultimate recovery is apparent 

Following a recovery penod of 16 hours, the nitrobenzene on which the 
results of curve (o) wore taken was removed from the condenser, and later 
replaced after the condenser had been thoroughly cleaned with acetone and 
dried The loss resistance measured just previous to removal was 0*48 ohm 
and after replacement 0-S5 ohm, as compared with the ongmal value of 1-34 
ohms In view of the afSmty of nitrobenzene for small quantities of moisture, 
the mcrease from 0*48 to 0*66 ohm is probably due to moisture absorption 
durmg the emptying and refillmg process. 

No mckel content could be discerned on testing the nitrobenzene with dimethyl 
glyoxine, so that direct attack on the electrodes could not have occurred. 

During the recovery of the dielectric it was noticed that a small reverse 
current existed. The curve of fig. 8 shows the variation of this reverse current 
with time durmg the recovery conditions to which curve (e), fig. 7, relates. 
It IS seen that the current passes through a maximum after about 1^ hours, 
and then decreases very slowly to zero 
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(B) Phenomena on Voltage Reversal. 

In analysmg the causes of this behaviour the effect of sudden reversal of the 
applied steady potential is of interest and importance. The type of curve 
showing the current flow through the dielectno on voltage reversal, following 
the attainment of a “ steady ” state m the ongmal direction is shown m fig. 9. 
It is noted that on voltage reversal the current reverses relatively slowly, 
reaches a maximum, which is many tunes greater than the uulaal steady 
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ousent, after about 90 seconds and then decreases, in much the same manner 
as seen in fig. 6, to approach a stationary value in this reverse direction. 

The changes in the state of the dielectric following voltage reversal were 
investigated by carrying out high frequency loss resistanoe measurements at 
difEeient regions of the ourrent reversal curve of fig. 9. These measurements 
were made on the dielectno to which curve (d) of fig. 7 relates after a recovery 
period of about 60 hours The loss resistance at the commencement of the 
measurements was 0-26 ohm. With the dielectric in this state a steady poten* 
tial of 120 volts was appbed between the condenser plates for 10 hours. The 
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battery was then removed for a few nunutes and the loss resistance measured 
as 0'03 obni. The voltage was at once ro-applied and 16 minutes later was 
suddenly reversed. As the reverse current was passing through the maximum 
—oorrespondmg to the region A, fig. 9—^the battery was removed and the loss 
resistance determmed as 0 ■ 14 ohm. The reversed battery was then re-applied 
for 10 mmutes—corresponding to the r^on B, fig. 9—«t which point the loss 
T— was 0'10 ohm. After 4 hours rc-apphcation the loss resistanoe had 
twilm to 0*06 cbm, suggestive of an approach to a steady conducting state in 
the reversed direction. 

2 s 
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The whole test, oommenoing with the same electrode polarities as before, 
was repeated some hours later, when it was found that the loss reeistattoe in 
the region A, fig. 9, had fiillen to the value of 0-07 ohm. Analagouswith this 
reduction m loss resistance from the value of 0* 14 ohm noted above, the reverse 
current maximum was reduced in roughly the same proportion. 

Diaou88%on 

It IS apparent that a small quantity of moisture remained in the nitro- 
benxene at the completion of the distillation processes The presence of this 
moisture is undoubtedly the mam cause of conductivity. The results show 
clearly that an “ electrical cleaning ” action is ocourrmg during the application 
of continuous voltage After removal of the potential, however, it is seen from 
fig 7 that the loss resistance, and therefore the effective conductivity, of the 
dielectnc is not constant, but gradually mcreases to a constant value which is 
appreciably lower, by virtue of this electrical cleamng, than the original 

It seems probable that the important electrode phenomena are of the same 
type as those occumng m electrolytic cells Thus, an accumulation, during 
charge, of the gaseous products of electrolysis of the moisture impurity present 
would result in the gradual formation of an obstructive film on the electrode 
surfaces. This would help to account for the slow decay m conductivity 
under steady potential, and for the slow rate of recovery during short dronit, 
although it could not account for the presence of a reverse current. Further, 
an accumulation of electromotively active impurity, m some form,* can occur 
at the electrodes. Smee the amount of impunty m the mtrobenseno is small, 
the gradual withdrawal of a part of it from the mass of the dielectnc, and its 
accumulation on or m the immediate vioimty of the electrodes, must show 
itself as a decrease m the conductivity of the medium When the voltage is 
removed, and the condenser shorted, this active material may be expected to 
diffuse mto the dielectnc medium to produce a gradual morease m conductivity. 
The rate of mciease of conductivity will depend on the rate at which the 
dismtegration of the accumulation at the electrodes proceeds. The applica¬ 
tion of contmuous voltage for longer and longer penods should remove more 
and more of the active impunty completely firom the dielectric, and reduce the 
extent of the possible recovery, as illustrated in the curves of fig. 7. 

The presence and form of time variation of the reverse current, fig. 8, may 
be explained m terms of the active back e m.f. which results from this latter 

* Bowden, * Proc Roy Soo.,’ A, vol 126, p. 107 (1026). 
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acoumulation. The slow diffusion of the accumulated material must produce 
a decrease in the value of this e m f., simultaneous with the increase m oon- 
duotivify of the dielectrio medium These two actions tend to oppose each 
other in determining the magmtude of the reverse current, and may well 
produce the maximum observed 

The form of the conduction current curve on voltage reversal might be 
explamed also on the basis of an accumulation of active material at the 
electrodes. The first effect of voltage reversal must be to cause the removal 
of this material from the surfaces of the respective electrodes, and the final 
effect to cause its re-accumiilation, with some loss by discharge, at the opposite 
electrodes. Between the two limitmg steady states a region of maximum 
conductivity should occur as shown in the curve of fig. 9 

ResuUa tn TAquxds other than Nttmbenzene 

The same general procedure, as described for nitrobenzene, was adopted 
for chlorbenzene, but for a capacitance value of 800 micro-miurofarads The 
performance observed under alternating and steady applied voltage was 
essentially similar to that recorded for nitrobenzene except that the oonduc- 
tivify and the high frequency loss resistance were of much smaller value. 
For a sample distilled directly into the condenser after the drying process 
described previously, but before the application of steady potential, the loss 
resistance did not exceed O’10 ohm oven at the lower limit of the range of 
frequency 4 X 10* to 2 X 10* cycles per second After prolonged application 
of steady voltage the loss was too small to measure 

With toluene, the imtial conductivity, as shown by the loss resistance of a 
purified sample, was still smaller, while with benzene it was not possible to 
notice any difference between the test and air condensers at any part of the 
frequency range. 

The fact that the frequencies employed in these measurements are too 
low for the Debye effect to become apparent was demonstrated by preparing 
and testing similar solutions of para- and ortho-dichlorbenzene m purified 
toluene Since para-didhlorbenzcne has no dipole moment, the dielectnc 
constant of the former solution was the same as that of toluene, 2*38 at 14° C., 
whereas the dielectric constant of the ortho- solution was 3*10, at the same 
temperature. In neither liquid, however, was the dielectric loss greater than 
had been found for pure toluene. 


2 s 2 
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Summary 

The paper ooven a aeries of dieleotno loss measuiementa on samples of 
several liquid hydrocarbon denvatives—benzene, toluene, chlorbenzene and 
nitrobenzene—over the firequency range 2 X 10* to 2 X 10* cycles per second, 
before and after the application of steady voltage For this purpose a sub¬ 
stitution method of condenser resistance measurement has been employed, 
m which two parallel plate condensers of identical construction, one with 
aur and the other with liquid dielectric, have been compared. It has been 
found that the dielectric loss over this frequency range can be accounted for 
m terms of ionic conduction, and that the application of steady voltage 
materially affects the magnitude of this loss as the result of an “ electncal 
cleaning ” process which oocurs. It is suggested that m association with the 
elimination by electrolysis of part of the moisture impurity present, an 
accumulation of electromotively active material occurs at the electrodes. On 
removal of the applied voltage, this material slowly diffuses mto the dielectric 
medium with a consequent gradual mcreasc in the dielectric loss to a value 
which is lower than the original to an extent depending on the duration of the 
steady voltage application. A small discharge current, which passed through 
a maximum value before decreasing slowly to zero, was found to exist during 
this recovery period, and its presence and mode of variation are accounted 
for m terms of this aocumulation and diffusion. 
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On the StabHiiy for Three-Dimensional Disturbances of Viscous 
Fluid Flow between Parallel Walls. 

By H. B. Squibb. 

(Communicated by R. V Southwell, P R 8 —Received July 12, 193S ) 
Introduction 

The turbulence problem u still unsolved, though a number of valuable 
papers have been published on it comparatively recently. But, sinoe Hopf* 
and von Misesf proved that umform sliearmg motion between two parallel 
planes was stable for in&utesimal disturbances, the view that visoous flow is 
stable for inflmtesimal disturbances but unstable for disturbances of a finite 
sue has become more and more widely held. Von Mises suggested that the 
roughness of the walls might be the determining factor, but the experiments of 
Sohillerl have shown that the degree of roughnass of the walls is of negligible 
influence on the cntical value of Reynolds’ number. He concluded that the 
breakdown of laminar flow depended pnmanly on the sue of the initial dis¬ 
turbance, in agreement with Osborne Reynolds’ view § 

Important papers have been published by Noetherjl and Tollmien,^ whose 
oonolnsions are m contradiction to one another. On the one hand, Noether, 
by a formal mvestigation of the asymptotic solutions of the equation govuming 
the two-dunensional disturbances of flow between parallel walls, claims to 
have proved that all velocity profiles are stable for all values of Reynolds’ 
number. On the other hand, Tollmien has determmed a critical value of 
Re 3 molds’ number for the flow past a flat plate placed edgewa 3 rB to the stream. 
This value is in good agreement with the experimental results. There are, 
however, certain pomts m his analysis which are not clear and it would be 
usefiil to know if the method gave results in agreement with those denved 
more strictly. 

Hitherto most mvestigations mto the stability of flow between parallel 
planes by the method of small oscillations have been limited to disturbances 

* ‘ Ann. Physik,’ vol 44, p 1 (1014) 
t • Jahrb. deuta. Math. Ver,’ vol. 21, p. 241 (1912). 

^ * Z. angew. Math. Meoh voL 2, p 06 (1022) 
f ’ Phil Trans,’ vol. 174, p. 936 (1883) [Papom, vol 2, p 61 ] 

II • Z. angew Math Meoh.,' voL 6, p. 232 (1026) 

U ‘ Naoh. Ges. Wiis G6tt.,’ p. 21 (1929). 
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of two-dimensional type. This has been done on grounds of simplicity and is 
partially justified by Osborne Reynolds* investigation* which indicates that 
those disturbances most likely to be unstable are two-dimensional. But 
Reynolds’ method differs greatly from the method of small oscillations and it 
seemed useful to apply the latter to three-dimensional disturbances This is 
the object of tiie present paper, m which it is shown that the problem is analogous 
to the simpler one and that Reynolds' general conclusion holds precisely. 


The Equaltons of Motion 

We consider the steady two-dimensional flow of an incompressible viscous 
fluid upon which a disturbance is superposed. The origin 0 is taken at a pomt 
midway between the walls, the axis of x is in the direction of the flow and 
parallel to the walls, the avis of y is perpendicular to the walls, and the axis of 
z is parallel to the walls and perpendicular to the other axes. If 26 is the 
distance between the walls, these will comcide with the planes y ~ ± ^ 
main flow is defined by 

w=:U(y), f> = 0, w = 0, (1) 

where u, v, w are the velocities m the directions Ox, Oy, Oz respectively. It 
will be assumed that n(y) is a continuous function of y which may be differenti¬ 
ated as often as required 

If now a small disturbance be superposed on the mam flow, the velocities 
will be given by 

« = U (y) -f- tq, V — V|, w = Wi, (2) 


where u,, Vj, are small quantities whose squares may be neglected The 
expressions (2) must satisfy the Stokes-Navier equations,! 


^ = X-lg + vV«., 

D( pdx 


and the equation of continuity 


dx'^ dy'^ dz " 


(3) 


W 


* ‘ Phil Tmos..’ a, voI. 186, p. 123 (18M). [Papers, vol. 2, p 535.] 
t Qf. Lamb, “ Hydrodynamka," 5th ed., p. 547. 
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In these equations p stands for the pressure, p the density, v the Idnemaiao 
visooeity; X, Y, Z are the external forces per unit mass and as usual 


D 

Dt 


3 

at 


+'‘IH 


+ w 


3 


Wo shall take the body forces to be zero except so far as they are necessary 
to keep up the main flow Substituting the values of «, v, w from (2) m (3) 
and (4), cancelling the terras anaing from the main flow and neglecting the 
quadratic terms these equations become 


ot c 

at ^ a® 

dw^ I TT §!£l 

at a® 




auj 

a® 


__i ^ j., 

= _i§E4.^ 
par ^ 


vs, 

Wi, 


(5) 


( 6 ) 


Eliminating p between equations (6) we have* 



Assumption of a Pmodtc DiHurbance. 

It will be assumed that any disturbance can bo broken up into a set of dis¬ 
turbances which are penodio with respect to x and to r For two-dimensional 
disturbances periodicity with respect to ® is always assumed A proof that this 
is valid for umform sheanng motion has been given by Hauptf and it is natural 


* Equation (9) has been sunplifled by use of (9). 
t * SitsBer. bayec Akad. Wise,’ p. 289 (1918). 
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to rappoBe that it could be extended to cover other types. Then we may 

take 

«i = u (y). exp »(ja: + tz — ot), "I 

= + ^ —<rt). r (10) 

Wi = «(y). exp*(j® H- ks — <rt), J 

*Hiete j and k are real and poeitiTe and a u in general complex. 

Substitution m the equations (6) to (10) gives 

*;« + Do + tkio = 0, (11) 

[v(D* —j* — + to — *jD][Dw — tib] — tjU'w = 0, (12) 

[v (D» - J-* - i*) + to - tjU] [tin - yw] - tjfcU'o = 0, (13) 

[v (D* - j'* - t*) + to - yU] [yo - Du] - tiU'to + U"o = 0, (14) 

where D stands for d/dy. 

These equations may now be reduced to a non-dimensional form by leplaomg 
yjb, jb, kb, o/j, U/Uo and U,j6/v by y, «, p, cUo, V and R respectively. 27t/« 
and 27 c/P are then the wave-lengths of the disturbance in the directions x 
and 2 , B stands for Reynolds’ number and Ug u some velocity defining the 


magnitude of the main flow.* The equations becomef 

iatt-fDo-l-tpw = 0, (16) 

A [Dw — tpo] — tRa. V'w = 0, (16) 

A [tpu - taw] - tRp. V'v = 0, (17) 

A [tav — Du] — tlip V'w -f RV"o = 0, (18) 

where A stands for the operator D* — (a* -f p*) — tRa (V — o). 

The boundary conditions are that the disturbance shall vanish at the walls, 
t e , for y = ± 1 we have 

« = t, = w = 0. (19) 


Formulatim of the PrMem. 

When the velocity profile V (y) of the mam flow is given, equations (16) to 
(18) m conjunction with the boundary conditions are just sufiSdent to deter¬ 
mine the value of c corresponding to given values of the independent quantities 

* E.g., tot nnUerm ■hwijlng motku Ug is equal to the relative velooity of the walk. 

I One of these four equatioos is redundant and may be deduced from the other three. 
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B, flc, This value will in general be a complex quantity, of which the 
im a gin a r y part will certainly be negative for sufficiently small values of 
Reynolds’ number, showing that the flow is stable for such values of B. If, 
on increasing B, c passes through a purely real value, the corresponding value 
of B IS said to be a “ critical ” value, for, if this value be emeeded, the dis¬ 
turbance will increase without limit, indicating instability and a breakdown of 
the IfttniniLr flow 

The only two cases which have been worked out m detail for two-dimensional 
disturbances are that of uniform shearing motion,* for which V = y, and that 
for which V = y*.t In neither case does a “ cntioal ” value of R exist and 
hence these velocity profiles are stable for all values of Reynolds’ number. 

Delermtnatum of an Equatum for v. 

We now proceed to eliminate u and vo from equations (16), (16), and (17) 
and to obtam a fourth order equation for v For the time being the possibility 
that any of the quantities u, v, vo vanish will be excluded. 

We note first that the commutative law for the operators D and A is 

D. A-A D==-»Ra, V', (20) 

and also that 

D . V' - V'. D - V". (21) 

Making use of (20) equation (16) may be written 

D . Aw — »pA» = 0. (22) 

Kliminating u between (16) and (17) we have 

i(«*-f P«)Aw-}-P[A.D-l-»R«.V']t; = 0. (23) 

Now w appears m (22) and (23) only m the form Aw and may be elimmated 
on substitution firom (23) in (22) We obtam 

[D. A. D-t-*Ra. D. V'] ti = («*-h P*) Av. 

Making use of relation (20) the equation for v becomes 

[A. D» - »Ra. V'. D-t-»R« - D. V'] = (a«-f- p*) Aw, 
and apidymg (21), 

[AD* -f »B« V"] w = (a* -j- p») Aw. 

* Hopf, he. eU The exact oaloulationa of Southwell and Chitty, ‘ Phil, nana,’ A, 
Tol. 289, p. 205 (1930), agree with Hopfs results. 

t Blumeothal, ‘SitsBer bayer Akad Wks.,’ p. 663 (1913). 
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Replacing A by its value D* — («■ -f- P*) — (V — e) we liave finally 

[D* - 2 (a* + p*) D* + (a* + P*)*]« = »R« [(V - c) {D« - (a* + p»)} - V"] v. 

(24) 

Now the boundary conditions require that u, v, and w shall vanish on the 
walls y = i; 1. It is clear ficom (16) that, for this to be possible, Dv must also 
vanish on the walls Hence v is completely determined by the fourth-order 
equation (24) and the four boundary conditions which it must satisfy. 

If we further suppose v to have been determined by (24), to is then fixed by 
equation (23), which is of the second order, and by the conditions that it must 
vanish on y = ± 1* When v and to are fixed u is given immediately by (16) 
and will vanish automatically on the walls smoe Dv and to vanish there 
The discussion of the stabihty of the fiow for a disturbance of this kind can 
thus be limited to an examinaiaon of equation (24) together with the boundary 
conditions which v must satisfy 


Remarks on EqwUton (24), 


Bquation (24) is analogous to the equation obtained from a consideration of 
two-dimensional disturbances To complete the analogy we make the sub¬ 
stitutions 


a* -t- p* = a*, 1 

R«==RS = R(a*-f p«)» I 


(26) 


Then equation (24) becomes 

[D* - 25*. D* 5«] V = »R5 [(V - c) (D» - 5*) - V"] v, (26) 

which IS exactly the equation satisfied by a two-dimensional disturbance of 
wave-length 2k fa when R is the value of Reynolds’ number. The latter* may 
be derived immediately from equations (16) and (18) by putting p and to equal 
to seio and eliminating u. The boundary conditions are also identical in the 
two cases. 

The analogy is now complete and wo may conclude that the development 
of a three-dimensional disturbance as defined by (10) is exactly similar to 
that of a disturbance of two-dimensionBl type for which the wave-length is 
2k fa and the value of Reynolds’ number is R. Smoe R is necessarily less than 
Rf it follows that any instability which may be present for three-dimensional 


* Vint given in this form by Noether, ' Z angew. Math Meoh.,’ vol, 1, p. 125 (1021). 
t This is obvkras from the definition (25) of B. 
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dutoibanoes u also present for two-dunenuonal disturbances at a lower value 
of Reynolds' number. For the study of the stability of flaw between parallel 
walls U ts suflicxmt to confine aUentton to dtsturbanoes of two-dmenswnai type. 
We oonclude also that for the two cases vdiich have been worked out by Hopf 
and Blumenthal the flow is stable for all disturbances and, if Noether’s con¬ 
clusion IS valid, all velocity profiles are stable for infiniteeunal disturbances. 


Case for which v = 0. 

When V vanishes equations (16) to (18) reduce to 

A(«) = [D* - («»■+■ p*) - tRa (V - c)] u = 0; (27) 

the boundary conditions are 

tt = 0, for y = ± 1. 

It can be proved most simply that such a disturbance cannot be unstable 
by showing that, if o is real, no real value of Ra can be found which satisfies 
these conditions. 

In general to each real value of e will correspond a complex value of *Ra 
and we may write 

tRa = X +»(*. 

Then equation (27) becomes 

A («) = [D* - (a* + p*) - (X -f »{i) (V - 0 )] M = 0. (28) 

Let u be the function conjugate to u, which then satisfies the equation 

A (il) = LD* - («« + p*) - (X - »|i) (V - o)]u = 0, (29) 

and the same boundary conditions as u. 

Multiply (28) by u, (29) by u, subtract and mtegrate across the field. Then 

0 = 1^ [« A(«) — u A(ii)]dy — — 2tji. j (V — c)u.udy, (30) 

perfomung the same operations and addmg we have 

0 = 1^ [tt A(u) + tt A(tt)]dy = — 2 I [«'. u'+ (a» + p*)tt. tt]dy 

-2Xr (V-o)u.udy, (31) 
-'-1 

after int^pating by parts and making use of the boundary conditions. Now the 
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first integral on the right-hand side of (31) cannot vanish ainoe the integrand 
IS essentaally positive and hence 

xj (V —o)«.«dy< 0; 

it follows from (30) that p is zero. 

Therefore no real values of Ra exist corresponding to real values of o and all 
profiles y(y) are stable for disturbances of this degenerate type 

Summary. 

The stability of the flow of a viscous fluid between parallel walls for three- 
dimensional disturbances is discussed A fourth-order diflerential equation is 
derived and it is shown that, if any velocitj profile is unstable for a particular 
value of Reynolds’ number, it will be unstable at a lower value of Reynolds’ 
number for two-dimensional disturbances. Further, all profiles ate shown to be 
stable for disturbances of a oertam degenerate type. 


The Mechanism of the Oxygen Electrode. 

By T. P. Hoab, Umversity Chemical Laboratory, Cambndge. 

(Commumcated by Eno K Rideal, F R.S —Received July 16, 1933.) 

1. Introduction. 

It IB well known that the so-called “ oxygen electrode " does not behave m 
a thermodynamically reversible manner. The decomposition voltage of water 
has been calculated thermodynamically &om various calonmetnc and 
solubility data by Lewis,* Nemst and von Wartenberg,t Bronsted^ and Lewis 
and Randall.§ The final critical value given by the last-named authors is 
1 *227 volt at 26” C., which should therefore be the e.m f. of a cell consisting of 
a reversible hydrogen electrode and a reversible oxygen electrode immersed 
m the same electrolyte, both gases bemg at 760 mm. pressure. In practice 
this value has never been obtamed. Smale|| found that the e.m.£ of the 

* * J. Amer Chem. Soo.,’ rol. 28, p. 168 (1906) 
t * Z. phys. Chen.,’ vol. 66, p. 684 (1906) 
t Tb%i., vol. 66, pp. 84,744 (1909). 

} ‘ J. Amer. Chem. Soo voL 36, p. 1969 (1914). 

II ‘ 2. phye. Chem.,' voL 14, p, 677 (1894). 




Mechanism of the Oxygen Electrode. 629 

hjdzogen-ojqrgen cell, though mdependoit of the of the eleotrolyte, nue 
only 1-07-1-08 volt "V^ilamore* * * § *• obtamed s value of 1-07 volt, ruing to 
1 -12 volt if the cell were allowed to st«id for some days, while a HifniUr result, 
1 -06 volt, was obtamed by Crotogmo.f More recently, Richards^ has reported 
0*979 volt, and Puniian§ also obtains a value of about 0-98 volt. 

Since it is well established that the hydrogen electrode behaves in a perfectly 
reversible manner m accord with thermodynamic laws, the discrepancy between 
the “ theoretical ” and experimental e.m f of the hydrogen-oxygen cell must 
have its oiigm in the oxygen electrode It is m fact experimentally found 
that oxygen electrodes, whether set up with bright or platinized platinum, 
(a) tend to be ineproducible, (6) do not obey the thcrmodynamio relation 
between electrode potential and partial pressure of oxygen, and (c) are readily 
polarized even by minute currents, Uius faibng to conform with any of the 
criteria of reversibility. 

Vanous explanations have been put forward for the cause of tiie moomplete 
reversibihty of the oxygen electrode. Tartar and Wellman|| suggest that it 
is due to the formation of hydrogen peroxide, for addition of hydrogen peroxide 
depresses the potential still further below the thermodynamic value.^ How¬ 
ever, the formation of hydrogen peroxide appears to be very doubtful,•• and 
the most widely held view u that oxides of platinum are formed on the electrode, 
which never becomes saturated with oxygen and thus never attains tiie 
reversible oxygen potential. Lorenz and hu co-workersff and Grube|| found 
that the vanous platinum oxides gave electrode potenlaals very similar to 
that of a platinum electrode surrounded by oxyg/sa. Again, by working at 
high temperatures where the oxides are unstable, usmg glass, poroelam, or 
fused ftllfftli as eleotrolyte, Haber and his oo-worker8§§ obtained e.m.rs of the 
hydrogen-oxygen cell very close to the calculated values. Richards|||| oonsiden 

* Ibtd., vol. 86, p. 201 (1900) 

t ‘ Z. anoig Cbem.,' vol. 24, p 268 (1900) 

{ ‘ J Phys. Chem.,’ vol. 82, p. 090 (1928) 

§ ‘ J. Amep. Chem. Soo.,’ voL 44, p 2685 (1922). 

II • J Pliye Chem.,’ voL 32, p. 1171 (1928) 

f Bnelee, ' Trans. Faraday Soo ,’ vol 1, p. 66 (1903), Wikinon, ‘ Z. phyB. Chem ,' 
vol 35, p 291 (1900), Fbher and KrOnig,' Z. unorg Chem.,’ vol. 136, p. 169 (1924). 

*• Bomemann, ibid., vol. 84, p 1 (1903). 

tt ‘ Z. aneng. Chem.,’ voL 61, p. 81 (1906), ‘ Z Elootroohem.,’ vol 14, p. 781 (1908); 
vol. 16, pp. 167,206. 293, 349, 661 (1909) 
tt ‘ Z. Eleotroobem.,* vol. 16, p. 621 (1910). 

H Ibid., voL 12, p. 416 (1906); ‘ Z. aaorg. Chem.,’ vol 61, pp. 246, 289, 366 (1906) 
nil ‘ J. Phya. CSiem.,’ vol. 82, p. 990 (1928) 
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his lesolts are beet explained on the oxide theory; furthermore, Bowden* 
has put forward evidence for the formation of platmum oxides at a platinum 
anode, although his view is questioned by Butler and Armstrong.t 
Besides havmg considerable theoretical mterest, the oxygen electrode has 
been used for electrotitration,^ and it pla]^ an important part m the corrosion 
of metal8§, it therefore appeared desirable to have more definite evidence 
as to the nature of the reactions involved In the present mvestigation, the 
kmetics of the dissolution and deposition 
of oxygen at several so-called “ mert ” 
electrodes have been examined, and a 
tentative mechanism of the irreversi¬ 
bility IS put forward It has also been 
found possible to deduce an approximate 
value for the e.nuf. of the hydrogen- 
oxygen cell from electrical measure¬ 
ments, and the result, 1 *20 ± 0*03 volt 
. at 25° C., appears to be in closer agree- 
ment with the theoretical value of 1'227 
Ot ^olt than any previously obtamed 

2 Apparaliu, 

The electrode vessel, fig 1, consisted 
. of a oylmder 16 cm. high by 4 cm. 
diameter The electrode E under test 
was arranged centrally and horizontally, 
with the face on the underside, the back 
and edges being coated with an inanlatmg 
layer of resistant wax, to ensure that the current-density was as uniform as 
possible. Polarizing current could be supphed to the test electrode via a half¬ 
cell making liqmd contact m the cup C^, while tiie electrode potential could 
be measured against a half-cell connected to Cg. Calomel or qumhydrone 

* • Proc. Roy. 8oo.,’ A, vol. 126, p. 448 (1929). 
t . vol 187. p. 604 (1982) 

t Furman, ' J. Amer Cihem Soo ,’ voL 44, p. 2686 (1922), Ooard and Uideal, * Trans. 
Faraday Soo.,’ vol 19, p 740 (1924), Bntton, * J Chem Soo ,’ voL 127, p. 1896 (1926). 

i Aston, ’Trans Amer Eleotrooliem. Soo ,’ vol. 29, p. 449 (1916); Evans, ‘ J Inst. 
Hot.,’ voL 30, p 239 (1928), “ Oonosion of Metals ” (Arnold) (1926), Evans, Bannisteor 
and Brittcm,' Proo. Roy. Soo.,’ A, voL 131. p 366 (1931): Evans and Hoar, %M,, A, vd. 
137, p. 343 (1932). 
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eleotarodes, being only slightly polarizable, were need inducriinmately for the 
cnrrent half-cell. The half-cell used for potential measnrement consisted, 
in expeninents where the electrolyte was of Ph ^ 7, of a quinhydrone electrode 
in the same electrolyte. In experiments m alkalme solution, where the 
quinhydrone electrode becomes inaccurate, a morouiy/merouno oxide olkah 
half-cell was used, the alkah being of the same concentration as the main 
electroljrte; this half-cell was standardized against a hydrogen electrode m 
the same alkali. All liquid junction P.D’s were thus avoided, and the potential 
of the tost oxygen electrode could be immediately found with reference to a 
hydrogen electrode in the same solution. 

The apparatus was contained m a brass box immersed in a water thermostat, 
to avoid nsk of electrical leakage which might occur if the apparatus wore 
directly immersed in water The electrical leads were brought out through 
insulators in the lid of the box. The lid was heavily lagged with asbestos, 
to prevent loss of heat by radiation and convection, and 'a satisfactory tempera¬ 
ture control of i 0*1® C. withm the box was obtamed 

Before a run, the electrode vessel and connecting tubes wore swept out with 
purified oxygen admitted through tap T^. Electrolyte, which had been boiled 
out under reflux and saturated with oxygen at the temperature of the experi¬ 
ment, was then introduced through tap Tg, until the electrode was immersed 
to a depth of 3*0 cm., prelimmary expenments showed that this depth was 
immatenal. The connectmg tubes and the cups Cj and Cg were also filled 
with electrolyte, as shown, and the half-cells were then inserted so that tiiey 
made liquid junctions m and Cg The arrangement of the hqmd levels 
and the length of the connecting tubes effectively prevented any appreciable 
siphoning or diffusion m the system, and as an additional precaution all taps 
were kept closed. 

The electnoal lay-out is shown schematically m fig. 2. E.m.f. was measured 
by means of the valve electrometer of Evans and Hoar* which takes less than 
6 X 10““ ampere fifom the cell under measurement and is accurate to ± 0*001 
volt; the voltmeter on which readings are obtamed was cheeked against 
a standard Weston cell and a Cambridge Instrument Company potentio¬ 
meter. 

Current was supphed to the cell from a potential divider through a resistance 
box containing resistances rangmg &om 10,000 ohms to 10 megohms. This 
was constructed from radio resistances sealed into paraffin wax and was 


‘ Froo. Boy. Soo..’ A, vol. 137, p. 348 (1982). 
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ficeqoeatly calibrated; the resistances, though often 10-16% off the rated 
▼alne, showed a satis&ctory oonstanoy. Current was measured by obtaining 
the potential drop across the resistance carrying it by means of the valve 
electrometer; the larger currents were sometimes measured on a Weston 
^rpe 440 galvanometer or a Weston type 301 milbammeter. 



Fio. 2 


3. Preliminary Work, 

In the first experiments, the electrode was a circular piece of bright platinum 
finl 1*10 cm. diameter, prepared by alternate heating m a spmt flame and 
immersion while hot m otmoentisted hydrochloric acid. The electrolyte was 
N/10 snlphunc add, saturated with oxygen at 25*0° C The potential differ¬ 
ence between the electrode and the solution, referred to a hydrogen electrode 
in the same solution, which we shall henceforward shortly call the " potential,” 
was imtially about + 0*86 volt, well below the theoretical value of + 1*227 
volt. 

The unused electrode was made slightly oatbodic, and a current-potential curve 
obtained over a current-density range of 2 X 10~^ — 1 X 10~* ampere/om.*. 
The steady value of the potential for each applied current was reached 
rather slowly, but the reprodudbility was moderately good. When, however, 
the anodic polarization curve was investigated, equilibrium was reached only 
after many hours even at fairly high (o. 6 X 10~^ ampere/cm.*) current-density, 
while equilibrium points at lower anodic current-densities could not be obtamed 
owing to the slow nse of the potential with tune. These preluninary results 
made it dear that an irreversible process was occurring which prevented the 
equihbnnm potential for a given anodic current-density bemg reached, and 
it was decided to mvestigate this in greater detail. 





Mechanism of the Oxygen Electrode. 


683 


4 Exjientnenis at Conutant Electrode PoUmlial 

Since the “ reversible ” oxygen potential is somewhat more noble than the 
open-circuit potential adopted by an oxygen electrode, suidi an «*lectrode 
must be polarized anodically in order to bniig it to the reversible potential 
A bright platinum electrode 1 10 cm diameter prepared as m Section 3 was 
set up in oxygen-saturated N/10 sulphuric acid at 26‘0° f!, and the anodic 
current-density required to maiiitam it at the reversible potential, viz , -f-1 227 
volt, was measured at intervals It was found that the necessary current- 
density decreased with time, at first rapidly and finally very slowly, becoming 
after some hours of the order of 1 — 2 X 10“* ampere/cm * Similar results 
were obtamed in N/10 sodium hydroxide (carbonate-free), though here the 
necessary current was, at the corresponding time, about half that required 
in N/10 sulphuric acid After a run of 400 minutes the polanzmg current was 
removed, and the potential returned slowly to about + 0 98 volt for the acid 
and to about f 1 01 volt for the alkali. If the electrode were allowed to 
stand overnight on open circuit, and a similar cum*nt-time experiment earned 
out on the following day, a more rapid fall of the current was observed. A 
third repetition gave a still more rapid fall 
A platinum electrode prepared by flaming in the manner described almost 
certainly possesse^s an oxule-film on the surface some molecules thick * t^uoh 
a film may be expected to contain cracks and pores, pervious to the electrolyte, 
which therefore also comes into contact with exposed platinum metal The 
adsorbed oxygen on the film surface will render the film cathodic towards the 
exposed metaland current will therefore flow lictwecn film and metal, with 
cathodic dissolution of oxygen at the film surface and a consequent fall of its 
potential. The equivalent anodic reaction at the metal surface is probably 
oxygen-deposition, with subsequent formation of platmum oxide, though some 
platinum dissolution may perhaps occur, particularly m acid solittions Any 
platinum ions formed will, however, at once be precipitated by the cathodically 
produced hydroxyl iotis migrating inwards through the pores. The net result 
will be the formation within the pores of platimim oxide or hydroxide at a rate 
equivalent to the current flowing. 

If the reversible oxygen potential is to be maintained at the film surface, 
the current necessary for this irreversible oxide-fonnation within the pores 

* Jacobs and Whalley. ‘ Proo. Roy Soo ,’ A, vol. 1-10, p. 489 (1933) 
t Evans, ‘J Chem Soo.,’p 93(1929); Bannuter and Evans, tbid.,p 1381 (1030), 
Mttller. ‘ Mhft Chem ,’ vol. 53, p. 821 (1920) 
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must be supplied from elsewhere than the film, that is, a separate cathode. 
Thus, an anodu; current-density, of value such that the consequent fell of 
potential along the resistance of the pores is equal to the difEerence of potential 
between the film surfece and the exposed metal surface, must bo apphed, and 
this 18 the current that has been measured. 

Since the film surface is mamtamed at the reversible oxygen potential, and 
the exposed metal surface may be expected to show approximately the 
platmum/platmum oxide potential, not much affected by current polariza¬ 
tion, the drop of potential E volts along the pores may be regarded as roughly 
constant Thus if the applied current-density is » amperes/cm,* at time t 
seconds, and the eloctrolytic resistance of the pores is R ohms per cm® of 
fihii, 

tR = E = constant 

But the pore-resistance, say imtially R,,, must continuously mcrease as platmuin 
oxide 13 deposited withm the pores, and we shall assume that to a first approxi¬ 
mation the increase of pore-rcsistanoe is proportional to the amount of oxide 

fonned I»y the process, that is, to ♦(!< Then 

»(Ro + Aj »= E, A being a constant, 

therefore 



Thus if the initial current-density is — K/Ro 



JL/1- I, 

2A*»» «o*' 


( 1 ) 


an equation rather similar to one obtamed by Muller and Konopicky* for 
somewhat different conditions. It has been shown experimentally that tg 
IS large compared with values of % obtained even after a few minutes, and the 
eqnataon thus reduces to 

i = (lA) 

when jfe is a constant. 


‘ Mhft. Chern..’ vol. 50, p. 861 (1028). 
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In fig 3, l/i* 18 plotted against t, for bnght platinum in N/10 sulphuric acid 
and N/10 sodium hydroxide. Excellent straight Imes are obtamed, the value 
of k being 7 65 x 10“ in the acad and 2-50 X 10“ m the alkali When, 

however, the t relation for the second experiment on an electrode is plotted, 
the gradient of the curve obtained is at first greater than k (smce i falls more 



rapidly with t than with a fresh electrode), but eventually the curve approaches 
asymptotically to a straight Ime of gradient k which can be wntten 

^ = + (IB) 

Here I represents the constant term of equation (1), which cannot now be 
neglected, since the treatment of the electrode in the first experiment has greatly 
moteased the imtial pore-resistance The fact that the second experiments 
show early values of t much greater than those deducible &om the straight 
part of the curves probably indicates that the film has undergone a oertaiu 

2 T 2 
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amount of spontaneous crackmg while standing overnight between the two 
expenments. 

The third expenments, not shown in the figure, gave results very similar 
to the second experiments 

The curves given have been selected as typical of three concordant sets of 
experiments. 

It IS of mterest to consider the extent of the irreversible process, which will 
be eqmvalent to tdt coulombs per/cin* at tune t seconds. Thus m a 
400-minute run, 

Number of coulombs passed - | %dl 

But l/t* = ib, te, i — and foe N/IO sulphuric acid k = 7-65 X 10*® 
Therefore 

fUAioo a OA V 

Number of OH' ions discharged = 1 tdt x ^ 9 ^ 500 —' 

- V fi‘06 X 10” 

■ Jo (7-66 X 96,600 ’ 

r=7-0x 10«. 


Similarly in N/10 sodium hydroxide, i = 2-60 X 10“, and 3 9 X 10‘* OH' 
ions are discharged in a 400-tmnute run. These amounts would produce one or 
two molecular layers of oxide if distnbuted over the whole of an “ apparent ” 
om ® of the electrode surface, which for bnght platmum has a “ true ” surface 
area of 2-6 cm.® * But, if the initial pore-area of the oxide-film is only some 
1/10 of the whole, it will be seen that the extra amount of oxide produced in 
a run is sufficient to close up the pores to a considerable extent, and cause a 
much increased pore-resistancc, in harmony with the hypothesis developed 
above 

Even if the above explanation of the irreversible process is mcorrect or 
incomplete, it has been shown that the applied anodic current-density to 
which the process is equivalent rapidly becomes very small, being of the order 
of 1 — 6 X 10~® ampere per apparent om * at the reversible potential after a 
few mmutee. It therefore appeared desirable to study the mam cathodic and 
anodic reversible reactions at considerably higher current densities where the 
irreversible reaction would be of relatively small extent. 


Bowden, * Froo Roy. Eloo A. vol. 125, p. 446 (1929) 
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5. The Bdatum between Curreni-densUy and Electrode Potential 

Cathodic and anodic polamation curves, for several electrodes in vanous 
electrolytes, with current-densities between about 10 and 10“* ampere per 
apparent cm.* of electrode surface, were obtained as follows The electrode 
ajrstem was set up and allowed to stand for about I hour, when the potential 
had become nearly constant The cathodic polarization of the electrode was 
then mveetigated over the range of current-density given above; the equilibrium 
potential at each fixed current-density was usually attamed in 6-16 minutes. 
After this cathodic polarization, an anodic current-density of c 10"* ampere/om.* 
was applied for some 18 hours, by which time the rate of the irreversible 
process had, as expected, become very small, for the potential and current- 
density were very nearly constant in time Further points on the anodic 
polanzation curve could then be obtained, the equilibnum potential at each 
current-density being attained in 6-16 minutes A satisfactory agreement 
between pomts obtamed with successively increasing and decreasmg current- 
densities was achieved. 

The following systems were studied, each electrolyte was saturated with 
oxygen and the temperature was 26 0® d: H'l** C — 

(1) Bright platmum m N/10 sodium hydroxide 

(2) Bright platmum m M/16 sodium phosphate buffer, 

(3) Bnght platmum m N/10 sulphuric acid 

(4) Black platinum in N/10 sodium hydroxide. 

(6) Bnght gold m N/10 sodium h 3 rdroxide 

The results are shown in figs 4 and 6 as plots of electrode potential m volts 
referred to hydrogen in the same solution, V, against logjp (current-density, 
or i,, in amperes per apparent cm.*) It wall be seen that both the log^g tgfV 
and logj, tg/y curves, representmg the cathodic and anodic processes respec¬ 
tively, are linear over a considerable range,* but begm to depart from linearity 
in opposite senses eit low current-densities comparable to the rate of the 
irreversible process. The constants of the straight portions, and of two repeats 
of system (1) not shown m the figures for the sake of clarity, are given in 
Table I, columns 4-7. 

• CJ. Tafcl, ‘Z phys. Chem ,’ vol flO, p 641 (IWfi); Bowden, ‘ Proo Roy Soo.,’ A, 
vol. 1S8, p. 107 (1930). 
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6 . Deduction cf the BevertMe Oxygm Poletttial. 

The reveitable oxygen potential m obtained thennodynanuoally on the 
asaumptKm that the net electrode process at an oxygen electrode is 
0, + 2H,0 + 4t.^::^40H' 

It must, however, be remembered that this process undoubtedly takes place 
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m a senes of steps Thus, it is very possible that molecular oxygen is first 
adsorbed on the oxide-film by Van der Waals’ forces, becoming subsequently 
chemi-adsorbed either as molecules or atoms, reaction with cations or dis¬ 
charged cations then takes place, the eqmvalent of hydroxyl ion eventually 



being formed The rate of the reactimi will, of course, be limited by that of 
the slowest stage. 

We liave seen m Section 5 that the rates of both the cathodic and the anodic 
processes vary exponentially with the potential over a considerable range. 
It has been theoretically shown by Gumey* that in accordance with quantum- 
• ‘ Proo. Boy. 800 .,’ A, vol. 184, p. 187 (1982). 
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Table I -4iiummary of Poianzation Curves. 

The huear portions of the curves inay be represented as V = A, logiQ %, + Bg and 
V = A,logio*, + B. Values of A,. A, and B, are given for V m volts against 
hydrogen and t, m amperes/cm *. The last two columns give the simultaneous solutions 
of the cathodic and anodic equations for V and logjo % 
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mechanical pnnciples, the rate of discharge of an ion at an inert electrode is 
an exponential fimction of the electrode potential It would appear from his 
discussion that the rate of the reverse process, namely, the formation of an 
ion from a neutral molecule or atom, is also an exponential function of the 
potential, of course in the opposite sense It is therefore very probable that 
the stage limiting the reaction rate is one mvolvmg electron transfer, qmte 
possibly the ohemi-adsorption stage 

In any case, if the rates of the charge and discharge processes (whatever 
they may be) are pj and p| gram-equivalents per second per cm.* of electrode 
surface, then 

total cathodic current-density on oxide-film surface = (pj — p,) F, 

where F is Faraday’s number. This is the sum of the applied cathodic current- 
density t, and that due to the irreversible current flow through the pores of 
the oxide-film, say Therefore, 


(2) 
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p, quickly liecomes quite negligible oven at very Bmall values of t„, and at 
somewhat higher values is also negligible. Here 

=- P.F (2a) 

and the straight portion of an cxpcrmirntal log,„ tJW curve, fig 4 is therefore 
equivalent to the exponential relationship between pi and V For smaller 
values of where cannot be neglected, 

1, p,F - V (2b) 

in harmony with the fact that the Jog,„ tj\ curve here falls off from the straight 
line in the sense that is too small for a given value of V 
Sinularlv 

total aiKslic current-density on oxide-film surface - (p, — pi)F 

The applied anodic current-density is equal to the sum of this and the anodic 
current-density supplied through the pores for the irreversible process, 
Therefore 

=(P.-Pi)F (3) 

At sufficiently high values of pj and t, can be neglected. Hence 

». - P,F, (»A) 

and the straight part of a logm fa/V curve, fig 5, therefore gives the exponential 
relation between p, and V 
For smaller values of 

*,-P.Ffv (3 b) 

m agreement with the fact that the logj, t„/V curve here departs from linearity 
m the sense that is too large for a given value of V. 

At the thermodynamically reversible oxygen potential, the total reversible 
electrode reaction must be m dynamic equilibrium, and hence the rates of the 
charge and discharge processes must be equal, i e.. 

Pi = Pr 

The linear portions of the cathodic poleinzation curves of fig 4 are log^g piF/V 
curves, while the linear parts of the anodic curves of fig. 6 give the logi, p^F/V 
relation. The reversible oxygen potential is therefore obtamed by putting 
Pi = Pi and solving the simultaneous equations representing the linear parts 
of corresponding cathodic and anodic curves for V. This is done m Table I, 
column 9, and graphically by extrapolatmg corresponding cathodic and anodic 
curves till they mtersect, fig. 6. In all oases the result is in satisfactory agree< 
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ment with the thermodynamioally calculated value of + 1 -227 volt. Systems 
(4) and (5) are less experimentally reliable than the remainder, and have been 
omitted m calculating the mean value of +1*20 volt, with a calculated 
experimental error of + 0-03 volt, at 26*0" C. 



7. Diaoutnon. 

Since the value for the reversible oxygen potential just obtained is in agree¬ 
ment within the experimental error with that calculated thermodynamically, 
there appears to be good justification for the theoretical extrapolation involved, 
and for the assumption that the net electrode reaction is in fact 

0, + 2H,0 + 4e;^:!:40H'. 
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It may also be noted that we have tacitly aasumed that the cathodic and 
anodic polarization curves obtamed on any one electrode system are measures 
of the forward and reverse reaction velocities under identical catalytic con¬ 
ditions, although the electrode surface must have been someahat changed by 
the irreversible process takmg place during the two runs But if, as has been 
suggested, the surface is always coven^d almost completely with an oxide-film, 
and the irreversible process occurs merely at the small cracks in this, producing 
more oxide, the assumption is justifiable, for the cathodic and anodic pro¬ 
cesses both take place on a nearly complete oxide surface, which is sensibly 
the same for both. Furthermore, although the reaction rates found m the 
tnpbcate expenment on system (1) are not very closely reproducible owing no 
doubt to the general irreproducibility of a platmum surface, nevertheless the 
eqttdibrium potentials deduced are m very close agreement—alteration of the 
oataljrst may change the rate but not the equilibrium 

The range of potentials found by previous investigators for experimental 
oxygen electrodes on open-circuit is indicated m fig C The pomts marked 
with circles on the extrapolated logj^ piF/V curves at the potentials given by 
the vanous electrodes on open-circuit (Table I, column 3), accord with the 
previous work The corresponding open-circuit values of p^F are of alxmt the 
same order of magmtude, 10~‘' ampere/cm.’, as the apphed anodic current- 
density necessary to mamtam tlie electrode at the reversible potential as in 
Section 4 Smee on open-circmt the applied current is zero, these values of 
PiF represent the current-flow through the pores in the oxide-film from the 
cathodic film to the anodic base of the pores (see equation (2b) }. An oxygen 
electrode on open-circuit is thus “ sdf-pdanzed,” and is undergoing a slow 
irreversible oxidation, the rate of which can be found by extrapolating the 
straight part of the cathodic polarization curve to the open-circmt potentud 
Furthermore, the equal values of p^F and p^F at the reversible potential, 
VIZ., about 10~“-10““ ampere/cm.* for bnght platinum (Table I, column 8, 
and fig. 6) are several orders of magmtude smaller than the open-micuit values 
of piF and the smallest value of t observed m the experiments of Section 4, 
VIZ., about 10~* ampere/cm • after some hours. Even if the relation there 
found, 1/t* = kt, holds up to very large values of t, which is unlikely, owing to 
spontaneous film-breakdown, calculation shows that it would take at least 
10,000,000 years for t to descend even to the same order magnitude os p^F 
and p|F at the reversible potential, so it is not surprising that an oxygen 
electrode showmg the reversible potential on open-circuit has never been 
prepared. 
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It appears that the low potentials given by the oxygen electrode are due not 
BO much to the presence of the oxide-film as to its permeabthty to the electrolyte, 
which gives rise to self-polanzation. A perfectly impermeable oxide-film 
should give the reversible oxygen potential, whereas a very porous film should 
give the lower metal/metal oxide potential. 

Much of the previous experimental work falls mto line with this hypothesis. 
The nee of the open-circuit potential with tune, noted by many previous workers 
and confirmed m this investigation, is due to the gradual closing up of the 
pores by the self-polanzing process, the rate of which therefore continually 
decreases Lorens’s observation* that silver, nickel, copper, iron and zmc, 
when used as “ mert ” bases for oxygen electrodes, give potentials almost 
identical with those given by their oxides, is readily explained, smce the oxide- 
films of these metals are known to bo easily penetrated by eleotrol3rte8,t 
Again Richards* found that increase of the concentration of the electrolyte 
produces a lowering of the potential of the ordinary platmum oxygen electrode , 
it would seem that the higher conductivity reduces the pore-resistance and so 
increases the self-polaruation. Smale,§ studying the effect of different electro* 
lytes on the hydrogen-oxygen e.m.f, obtained lowest values (-f- 0*88- -f 0-96 
volt) in hydrochloric acid and the alkali chlorides, and highest (-)-1 *08- 
-f-l*09 volt) m the alkali hydroxides. Now chloride ion in particularly 
effective m promoting oxide-film breakdown, while hydroxyl ion effects repair|| ; 
presence of chloride ion should therefore cause increase, and of hydroxyl ion 
decrease, of the self-polaruation, which accords with Smale’s results. Bimilarly, 
the depressmg effect of hydrogen peroxide on the potential of the oxygen 
electrode may be due to decomposition of the peroxide at the platmum surface, 
with consequent mechanical disruption of the film by the oxygen gas produced.^ 
There is thus a dual difficulty involved in the preparation of a reversible 
oxygen electrode. In the first place, the electrode reaction must perforce 
take place on an oxtde surface. It is therefore not surprising that it is slow 
* ‘ Z Electroohem vol. U. p 781 (1008) 

t Cf Evsiw and Btookdale, ‘ J Chsm Soo..’ p 8661 (1929), Bannister and Evans, 
•M., p 136) (1930). Mailer, ' Mhft. Chem to). 68 . p. 381 (1080); Hoar and Erana, 
‘ J Giem 8oc p 2476 (1932), Hoar and Evans, ‘ J. Iron and Steel Inst.,* vol 186, 
p. 379 (1932), Bengongh, Lee and Wormwell,'Proo. Roy Soo,’A, vol 134, p 308(1031). 
t' J. Pfays. Chem ,’ vol. 32. p. 090 (1928) 

J ‘ Z. phyi Cbem.,’ vol. 14, p 677 (1894) 

II Evans, ‘ J Chem Soo.,’ p 1020 (1987), p. 98 (1920), Britton and Evans, ibtd, 
' p. 1778 (1980). 

^ Cff. Hoar and Evans, * J. Chem. Soo ,’ p. 2476 (1938), who found that hydrogen peroxide 
inteoiided the breakdown of the oxide-fllm on iron in chloride solutkm. 
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compared with, for example, the correspondmg reaction at a hydrogen elec¬ 
trode, which takes place on the much more catalyticallf active nittallw surface * 
This slow reaction rate would not of itself depress the oxygen electrode potential, 
were it not that the porosity of the oxide-film allows the self-polanzing current 
to flow between the film and the underlymg metal. Although the current is 
very small, it is yet largo compared with the reaction rate at the reversible 
potential, and thus produces considerable self-polanzation 
The criterion which a surface must satisfy in order to function as an inert 
liasis for a reversible oxygen electrode is that it shall catalyse the reversible 
reaction at the reversible potential at a rate relatively rapid to the rate at 
which it allows electromotively active material to be removed by self-polanza- 
tioQ, and with this criterion it appears at present impossible to comply 
The formation of an oxide surface, and the consequent verj' slow velocity 
of the cathodic dissolution of oxygen, at any metallic surface exposed to oxygen- 
coiitaming electrolyte, has an important consequence in determining the 
velocity of metallic corrosion As has been shown in preMous work,t niost 
metals on exposure to oxygen-containing electrolytes become anodic at those 
points where their initial air-formed oxide-film is weakest, and relatively 
cathodic at other points, particularly those best supplied with oxygen Current 
therefore flows, with oxygen dissolution at the cathodes and metalhc dis¬ 
solution at the anodes The basic potential at the anodes is determined by the 
nature of the metal and the solution, and is not much affected by current- 
polanzation, but the cathodic potential is greatly affected, and tends to 
approach the anodic value Even at such low values of cathodic potential, 
the rate of oxygen dissolution is very slow, and this limits the rate of corrosion 
Thus, while the slowness of the oxygen hydroxyl ion reaction has the 
unfortunate acadenuo consequence that the reversible oxygen electrode cannot 
be prepared, it nevertheless has the much more important practical effect of 
rendenng the corrosion of metals in aerated electrolytes comparatively slow 

I am very grateful to the Master and Fellows of Sidney Sussex College, 
Cambridge, for a Research Studentship, and to the British Non-Ferrous Metals 
Research Association for a grant, which have made this investigation financially 
possible 

* C/. Bowden, ‘ Proo Roy Soc ,’ A, vol 125, p 446 (1929) 

t Evani, “ Corrosion of Metals ” Arnold (1926), Evans, ‘ J Franklin Inst.,’ voi 208, 
p. 46 (1929), Evans, Bannister and Bntton, ‘ Proc. Roy Soo.,’ A, vol. 131, p 366 (1981), 
Evans and Hoar, iM,, A, vol. 137, p. 343 (1932) 
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My tlianks are also due to Mr. W. J. Palmer for the loan of a liydrogcn 
electrode, and especially to Dr U. R Evans for his kindly interest and stimu- 
latmg suggestions throughout the progress of the work. 

Fmally, I am greatly indebted to Professor E K Rideal for his valuable 
advice and for communicating this paper 

Sununary 

The kinetics of the processes which occur at the so-called “ oxygen-electrode ” 
have lieen investigated The results are consistent with the hypothesis that 
the total electrode process can be represented by the reversible reaction 

Oj - 1 - 2n,0 -f 4e 40H', 

which takes place, no doubt in stages, on the surface of the oxide-film with 
which the inert electrode is covered Since the oxide-film contains pores 
pervious to the electrolyte, current flows between the film surface and the 
relatively anodic metal of the base of the pores, causmg an irreversible removal 
of clcctromotively active material from the film surface, and a lowermg of the 
potential. To maintain the reversiblo potential a small anodic current- 
density X IS needed, this is shown to decrease with time t according to the 
relation 

which 18 theoretically justified on the assumption of further oxide formation 
withm the pores 

Cathodic and anodic polanzation curves have been obtained for oxygen 
electrodes formed by platmum and gold in various oxygen-saturated electro¬ 
lytes, and the loganthm of the current-density is shown to bear a Imear relation 
to the electrode potential except at very low current-densities. By an extra¬ 
polation of the anodic and cathodic curves, mvolving certam reasonable 
assumptions, a value of -H 1-20 db 0-03 volt at 26-0'’ C. is obtamed for the 
reversible oxygen jxitential referred to hydrogen in the same solution, m good 
agreement with the value of -f 1’227 volt calculated from thermal data by 
Lewis and others. 

The rate of the reversible process at the reversible potential is extremely 
slow, and reasons are given for the belief that it is consequently impossible to 
prepare a truly reversible oxygen electrode 

The importance of the sluggishness of the oi^rgen hydroi^l ion reaction 
m limiting the velocity of metalbo corrosion is pointed out. 
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The Inelasttc ScaUertng of Slow Electrons in Gases. —IV. 

By F. H. Nicoll, M.Sc, Trinity College, Cambridge, 1851 Exhibitioner, 
University of Saskatchewan, and C. B. 0 Moeb, Ph D, Trinity College, 
Cambridge, 1861 Exhibitioner, Umvermty of Melbourne. 

(Coiniminieated by Lord Kutliorford, O.M , F R S —Received August 14, 1933 ) 
ItUrodueiton 

Recent investigations have shown that the inelastic scattenng of electrons 
in gases exhibits some very mteresting phenomena In previous papers we 
have desenbed the angular distribution of the scattering of electrons which 
have lost a discrete amount of energy Papers If and IIJ desenbed prelumnary 
results which estabbshed the existence of diffraction effects at large angles in 
a number of gases. In Paper 11I§ the measurements were earned out over a 
range of velocities lower than those previously studied, results being obtomed 
for mcident electron energies down to withm a few volts of the excitation 
potential Angular distnbutions were obtamed for the melastic scattering 
of electrons in hydrogen, hebum, and argon between the angles 10° and 165°. 

The present paper describes the extension of the measurements to methane, 
mtiogen noon and ineri'ury vapour 

Methixl. 

The apparatus has already been described fully m Paper III, and consisted 
essentially of a collision chamber and an electrostatic analyser The electrons, 
after being scattered at the centre of the collision chamber, passed into the 
analyser where electrons of the desired energy were focussed The distribution 
in angle of the scattenng was obtained by rotatmg the electron gun inside the 
scattering chamber by means of a ground glass jomt. The pressure of the gas 
in the scattenng chamber was maintamed at a constant valuedess than 10~* mm 
Hg, while the pressure m the analysmg chamber was kept below 10~‘ mm. 
Hg by means of a fast pump. The apparatus was connected to a mercury 
diffusion pump by a wide tube, and smee liquid air could not be kept on the 
trap over mght, it was found necessary to bake the apparatus to 460° C. before 
taking readings, in order to reduce the pressure of mercury vapour to a negligible 
quantity. 

t * Ptoo. Boy. Soa,’ A, voL 138. p. m (1983). 

$ ‘ FMo. Boy. Soo..’ A, voL 188, p. 468 (19SS). 

I ‘ Proo. Boy. Soo., ’A, voL 148, p, 820 (1988). 
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The gases used for investigation were obtained from cylinders, and were 
specified to be 98% pure. For the expenments on mercury vapour, a small 
bulb containing mercury was sealed on close to the collision chamber 

Restdl/t 

Mdhane —Since the study of inelastic scattering has hitherto been confined 
to diatomic gases, it was thought that it might be of interest to investigate the 
inelastic scattering by a more complex molecule such as tuetliane. A discrete 
energy loss of about 9 volte was found m this gas, but the rcsolvmg power of 
the analyser was not sufficiently high to enable one to be certain that this loss 
was due to excitation to a single level, although the loss was quite distinct 
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inelastic (9-volt loss) Elastic 

F!re 1 . — Small anide scattering m methane 

Angular distnbutions of inelastically scattered electrons are given m figs. 
1 and 2 for small and large angle scattenng respectively, and the correspondmg 
curves for the elastic scattenng are also given for purposes of comparison. 






Scattering of Slow Eleetrone in Oaeea. 049 

Corves axe given for the soattermg of electrons witii incident energies of 40, 
30, 22 and 16 volts 

It 18 seen that the ourves for the inelastao scattering at large angles are much 
flatter than the corves for the elastic scattering. The 40-volt and 30-volt 



Inelastic (9-volt loss) Elastic 

Fio. 2.—^Largs scattering in methane. 

inelastic scattering corves rise quite gradually beyond lOO**, but the 20-volt 
and 16-volt curves remain flat out to 120’’ and then rise. Referring to figs. 1 
and 2, it is interesting to note that the curves for tiie inelastic scattering foil 
less steeply than the ooireeponding curves for the elastic soattering beyimd 
20^ while the opposite occurs in all other gases so for investigated. 
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Nitrogen. —^The mam loss m rntzogeaf is the 12'8-voIt loaa which oone- 
sponds to ezcitatioD to the first singlet level of the molecule; a ptononnoed 
peak due to this loss was observed m the energy distzibation of the scattered 
eleotronB. A lees marked peak was also observed corresponding to a loss of 



-Theoretiosl 

Fro. 3.—Indasdo ■oattering in nitrogen (amall snglM). 
t Bndbvg, ‘ FRm. Boy. Soo.,' A voL U9, p. 838 (1990). 
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about 8'6 volts.t Angular distributions are shown in figs. 3 and 4 for small 
and large angle scattering of electrons which have suffered these two losses. 
Curves are given for the scattering of olertrons with incident energies of 60, 
60, 40, 30, 22 and 18 volts. 
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12 8-volt loss 8*fi-volt loH 

Fio. 4.—InelastK aoattenng in nitrogen (large onglsB). 

f Sinoe this was written, a note has appeared by Brindley (‘ Nature,' vol. 132, p. 188 
(1933)) on the energy losees m nitrogen. He obtains a loss at 8 6 wdts, whkh is in agree¬ 
ment with onr obeervatiens but not with the results obtained by Rudbeig; 
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The small angle scattonng curves for the two losses investigated ate seen to 
be quite siinilar, although at the higher velocities the curvature neat 26° is 
greater for the 12*8-volt loss. At large angles, however, the curves for the 
two losses are clearly of a diflerent character. The curves for the 13-volt 
loss have a distinct minimum at about 100°, while the curves for the 8-volt 
loss are qmte flat over a large angular range, with even a txace of a sbght 
secondary maximum at 90°. The curves for the 13-volt loss resemble mote 
closely the corresponding curves for elastic scattenng.f but the rise at large 
angles is less pronounced 

Neon.—The loss mvestigated m this gasj was the 16‘6-volt loss duo to 
excitation to the 2 level. Inelastic scattering curves are given in fig. 6 for 
incident electron energies of 60, 40, 30, 26 and 22 volts, and the oonesponding 
curves for the elastic scattenng are also given purely for purposes of com¬ 
parison. The inelastio scattenng curves are seen to bear only a slight resemb¬ 
lance to the corresponding curves for the elastic scattering, except for the 
60-volt curves. 

Mercury Vapour —The mam inelastac loss m mercury vapour is at 6*7 volts, 
and is due to excitation to the 1 level. Curves are shown in fig. 6 for the 
inelastio scattering at small and large angles for 30- 26- 20-16-12- and 10-volt 
electrons. The elastic scattering curves at large angles are also given for 
oompaneon purposes; these were obtained from a recent paper by Amot.§ 
The two sets of curves are drawn to arbitrary scales. 

It was shown m Paper I that there is a close resemblance between the large 
angle elsstac and inelastio scattenng at higher voltages (above 66 volts). 
Turning now to fig. 6, we see that at 30 volts, the maximum which occurs at 
60° in the elastic curve has disappeared from the melastic curve, although a 
slight maximum still remains at 100° m the latter; at the lower voltages even 
this Tnanmiim has disappeared. However, the persistence of strong diflraction 
m the melastic scattering at these lower voltages is shown by the marked 
nse which occurs beyond 130°. A stnkmg feature of the melastic curves 
between 30 volts and 16 volts is that they resemble a mean drawn through 
the undulations of the corresponding elastic curves. 

Ekuttc Scattering of Slow Eledront m Mercury Vapour .—^Although the 
elastic scattering of electrons m mercury vapour has now received considerable 
attention from numerous mvestigators, the measurements have not been 

t BnUsid and Mwwy, ‘ Froo. Boy. Soo.,’ A, vol. 133, p. 637 (1931) 

} Van Atta. ‘ Phjw. Rev..’ voL 88, p. 876 (1981). 

I ‘ Ptoo. Roy. 8o&,’ A voL 140, p. 884 (1988). 
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Soattenng of Slow Electrons in Ocues. 

extended below 10 volts except by Amot (loe. In view of the peoaliar 
shape of his low velocity curves and his mention of slight expemnental diffi- 
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InolMtio (l6-6-volt lofw) Elastic. 

Fh). S —Soattenng in neon. 

with our apparatus. The results of our investigation ate shown in 
fig. 7. Experimental values obtained by Jordan and Brodet for 10-volt 
electrons and by Childs and Massey for 4-volt electronst are also shown in 

t ‘ Phya Rw..’ roL 4S, p. 118 (IWS). 
t Unpublished results. 
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- Inelastic Expenmental. - Inelastic Expenmental. 

-„ Theoretical. -Elastic „ 


Flo. 6.—Indastio scattering m merotny vapour (6-7-volt loss). 
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fig. 7. It will be seen that the curves agree reasonably well in form with onxs, 
while those obtained by Amot for 10- 6- and 4-volt electrons are entirely 



Fio. 7.—Elastio scattering in mercury yapour O Values obtained by other obaervers. 

different, although there is some siinilanty m his 8-volt curve. The curves 
obtained here change gradually as the voltage changes from 10 to 4 volts. 
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Dtaouantm. 


A detailed theory of the inelastic scattering of slow electrons in gases has 
not 3 ret been provided, although some progress has been made m explaining 
qualitatively certain aspects, such as the diffraction effects at large angles. 

At sufficiently high velocities of impact, where diffraction effects are not 
present, the scattering should be given by Born’s theory. As the velocity is 
decreased and diffraction effects appear, the scattenng may still be given quite 
well at small angles by Bom’s theory, although the curve predicted by the 
latter will fall monotonioally to smaller values than those obtamed experi¬ 
mentally at large angles. For purposes of comparison, theoretical curves 
obtained by the use of Bom’s formula are given for the small-angle scattermg 
in figs 3 and 6 for mtrogen and ma»ury vapour respectively. This formula 
18 seen to give fairly well the steep fall which occurs between 10° and 20°, a 
result which was also obtamed in Paper Ill for hydrogen, helium, and argon'1 
As the veloaty is raised to higher and higher values, the theoretical curves 
will be expected to fit the observed angular distributions out to larger angles 
of scattenng. It would therefore clearly be of value to deduce a general 
formula for all atoms usmg Bom’s theory This may be done by the use of 
approximate atomic wave functions for the initial and excited states of the 
atom obtamed from simple rules given by Slater | There is no difficulty m 
showing! that the amphtude of the melastically scattered election waves is 
proportional to 

where 

= i'»-2fcfe'co8S, 

i IS the angle of scattering, and are the velocities of the moident 

and scattered electrons respectively Thus ifc — 0-272 Vvolts. /(«) is the 
quotient of two polynomials m n Also 

m = n* -h (n -h 1)*, 


K(,x* + K«r 




z~s z — s' 
n* ■^(n-fl)*’ 


t It must be pobited out that the oakralatione for hydrogen and nitrogen refer only to 
the atom. 

) ‘ Phys. Rev.,’ vol. 36, p OT (1630). 

I The method of pcooeduie will be inede clear by leftceooe to * Proc Boy. Soo.,’ A, 
vtA U2, p. 606 (1081). 
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wliere (z — a), (z — s') are the effective nuclear chargee and n*, (n + 1)* the 
effective quantum numbers for the normal and excited states of the atom 
reapectivelj. Rules for determining these quantities are given by Slater 
(Joe. at ). For simplicity one may take only the first term in the numerator 
of the expression (1) as sufficiently accurate at small angles, since K/|jiib small 
at small angles. Hence the angular distribution of the scattered intensity 
IB given approximately by 


Some values of the constants |ji and m are given m the following table *— 


Nitrogen 

Neon 

Mercury vapour 


2-48 
3 60 
2 81 
1 31 


Turning our attention to the diffraction effects which occur at large angles, 
we have noted m our previous papers that at higher velocities of impact there 
IS a close resemblance between the inelastic and elastic curves, but that the 
resemblance gradually disappears as the velocity of impact is decreased to 
values such that the wave-lengths of the incident and outgomg electrons 
differ appreciably We have previously discussed why this should be so, and 
the present results show more clearly how the diffraction effects disappear, 
while mdicatmg also that a somewhat more detailed explanation is possible. 

The results for methane and mtrogen are what might be expected m view 
of what has already been said, for the diffraction effects in these light gases 
are not at all complicated. For mtrogen, two separate losses have been studied, 
and it is noticed that the curves for the greater energy loss are dightiy less 
complicated. Further, the scattenng curves for still greater energy losses— 
for example, ionization losses—^would be expected to become even more 
regular. Some preliminary results for the scattering of electrons which have 
ionized the atom indicate the extent to which diffraction effects disappear as 
the electrons lose more and more energy to the atom. 

The curves for the inelastao scattering in neon below 40 volts are entirely 
different m form to those for the elastic scattering; in particular, the pro- 
nonnoed bulge appearing m the elastic curves in the neighbourhood of 70° 
is entirely absent in the melastio curves which ate almost flat beyond 60°. The 
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significance of this will be clear from the disonssion of the results for mercury 
vapour. 

Let us turn now to the results for mercury vapour, m which there are well- 
marked diffraction effects m the elastic scattering. In general, the angular 
distribution of the scattering may be expressed in terms of an infimte aeries of 
spherical hannimios, and m Paper II we described how diffraction maxima and 
mmima are due to the prodommance of one (or more) of the harmomes of lower 
order. Now, for the voltages mvestigatcd, the wave-lengths of the mcident 
and outgoing inelastically scattered electrons are appreciably different, and 
hence the mterference of the two sets of waves (and their associated har¬ 
momes) smooths out the undulations. However, at the larger angles, since the 
predominant harmomes associated with the mcident and outgoing electrons 
increase m magmtude towards the same value at 180°, the inelastic scattermg 
will thus also tend to rise at large angles. The flatness of the curves and the 
rise at larger angles was also observed in Paper III for the melastio scattenng 
at low voltages m argon. At qmte low velocities, however, as the energy of 
the mcident electrons approaches cl(»er to the excitation potential, the 
inelastic scattermg curves for all gases are seen to become flatter and flatter 
at all angles 

In conclusion, we have much pleasure m expressmg our thanks to Lord 
Rutherford and Dr. J Chadwick for their mterest at all tunes. 

Summary. 

The mvestigatioiiB on the angular distnbution of inelastically scattered 
electrons, desonbed m a previous paper, have been extended to other gases. 
The voltages used extended from a few volts above the excitation potential 
upwards, measurements bemg made in methane, nitrogen, neon, and merouiy 
vapour over the angular range lO^-lM®. 

The inelastic scattenng observed at small angles is discussed m relation to 
Bom’s theory, while the gradual disappearance of the diffraction effects at 
large angles at the lower voltages is mvestigated and discussed. 



Fourier Analysts of the Durene Structure. 

By J Montbath Robbbtson, M A , Ph.D , D Sc. 

(CommuDioated by Sir William Bragg, O M , F R 8 —Received July 25, 1933 ) 

In a recent paper* the crystal structure of durene, 1.2.4.0 -tetramethyl 
benzene, has been described. The eiqienmental work, mcluding the measure¬ 
ment of the X-ray intensities, has been dealt with, and the structure deduced 
to within fairly narrow limits by tnal and error methods. In order to obtain 
more precise information about the orientation and molecular structure of 
this benzene derivative, a double Fourier analysis has now been applied to 
the structure factors for the three principal crystallographic zones, and the 
results are set out below. 

Crystal Data. 

Durene. —C,oHi 4 . Melting pomt 80® C Density 1 03. Monoc'lmic pris¬ 
matic. a = 11'57, 6 = 5«77, o = 7*03A, ^ = 113 3°. Space group 
(P2i/o). Two molecules per umt cell. Molecular symmetry, centre Mole¬ 
cular volume, 430 A* Total number of electrons per unit cell = F(OOO) = 148. 

Founer Analysts. {Formula, Tables, Desortptton of Dtagroms). 

A crystal being essentially a periodic structure, the distnbution of scattering 
matter m the unit cell may be represented by means of a Fourier series. It 
can then be shown that the coefficients in such a senes arc proportional to the 
structure factors for the vanous planes in the crystal.f In this analysis the 
Bragg double senes are employed, which give the distnbution of scattering 
matter as projected upon various planes in the crystal. By putting together 
the results of three such projections along different directions m the crystal, 
a fairly good representation of the structure m three dimensions is obtained 

The results which are given below differ from those previously described 
in that the density of scattering matter, p, is represented in the tables and 
contoured diagrams m absolute umts, that is, as number of electrons per 
square Angstrom unit. For this purpose the summation values have been 
divided by the area of the face upon which the projection is made. As these 

• • Proe. Roy. 8oc.,’ A, voL 141, p 594 (1933). 

t See, for example, Oomptoo, “ X-rayi and Eleotrons,” p. 161 (1927 ); W. L. Bragg, 
‘ Free. Boy. Boc,’ A, voL 128, p. 637 (1989). 
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projeotioiiB axe all drawn upon planea normal to the monoolimo oryatal axee, 
the formnliB for p are:— 

00 am p _a, 

p (x, z) = —L S F (Ml) 008 2n (hx/a + Izfc) 
ac am p _« 

P (*'. y) = o 2 E F (WO) cos 2k (hxja + kyjb) 
flOam p « 

for the projections along the a, b and c crystal axes respectively, the origin 
being taken at a centre of symmetry m each case. 

The contour hues in the diagrams are drawn at equal density mcrements of 
one or two electrons per square Angstrom unit, so that a definite meaning can 
be attached to each Ime in the diagrams * This is of value for companson 
purposes, for example, in estimating the amount of overlap of the atoms. 
It will be seen that the carbon atom in the benxene nng has a peak value of 
just over six electrons per square Anptrom unit in the b axu projection, 
fig. 2 a, whereas the peaks of the methyl groups are somewhat lower, just failing 
to reach the value of six Where there is considerable overlap of the atoms, 
as m the c axis projection, the density rises to 10 or more electrons per square 
Angstrom unit. The one electron line is dotted m each diagram. The slope 
18 usually very gentle at this pomt, and the position of the hue oorresjpondingly 
uncertain. 

The coefficients F(AU) for the three senes are given m Tables 1 to III. It 
is well known that only the magmtudes of these quantities can be denved 
from the experimental measurements; the signs are taken from the results 
of the trial and error analysis which has already been given (loo. at.). This is, 
of course, the fundamental weakness of the Fourier analysis method, but the 
agreements previously obtamed seemed good enough to make sure of the 
signs of all but a few of the very weak reflections. The stracture factors have 
now been entirely recaloulated from tiie final values of the co-ordinates which 
are given m this paper (p. 671) and the only change of sign which has to be 
recorded is that the very weak (402) should probably be jpositive instead of 
negative. The concluding terms are generally small, presumably owing to 

* It shonld be noted, however, that there is at present a slight nnoertainty regarding the 
soale of absedute values. The measuremeats upon which the present vahies are based 
wen made with copper radiation. In other expenments, Bobinson (‘ PToo. Bc^. Soc.,* 
A, VoL 142, p. 422 (1933)) found that with molybdeinini radiation slightly higher vahies 
were obtained finr the abacdute sode than with copper radiatioa. 
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Table I.—^Duzene. Valties and Signs of F (Otl). 
When k is even, F(01i) = F(OiU). 

When k is odd, F(OiU) = - F (01^. 

k 



Table II.—Durene. Valnes and Signs of F(AOl) 
h IS always even. 


0 2 4 0 8 10 


5 


3 -20 - 5 6 

2 -37 + 5-6 

1 +38 S M2 S 

I 0 +148 +28 

1 +88 fi +34 

2 -37 - 0 

3 —20 -18 6 

4 — - 8 

X — — 

8 — _ 2-5 



f S S 
-26 

- 0 
-17 
+ « 

+ 9 

— 4 

- 4 6 


+ 66 
+ 11*6 

-18 6 
-12 6 
+ 1-6 
- » 
-12 

+ 3 
+ 3-5 


+ 26 

- 3 
-10 

-14-6 

- 0 
+ 6-6 
+ 0-8 
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Table III.—Durene. Values and Signs of F (WO). 

When (h 4- k) 18 even, F(M0) = F(AjbO) 

When (h + k) 18 odd, F(AiO) = - F(AjbO), 

L 

(I 1 2 3 4 S (I 



the hi gh temperatuie factor for the oiTstal (melting pomt 80° C ) so that the 
series are fairly rapidly convergent. 

Tables IV, V and VI give the resolts of the summations, and figs. 1 a to 6 
are the contoured diagrams obtamed from them. Alongside are drawings on 
the same scale, figs. 16 to 4 6, which show the relative positions of the atoms 
and how they ate connected to form the durene molecules. In these drawings 
the ciiolea which represent the atoms are half siie m eadi case. 
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Table lY.—^ProjecUon along the a azia. 


Density of soattenng matter as number of electrons per square 
X 10. 


14 16 14 8 0 

15 10 IG 8 3 

11 16 17 12 6 

15 20 23 19 12 

26 32 34 29 20 

43 47 48 41 30 

58 62 61 54 41 

68 72 72 64 64 

c 8 69 76 78 72 64 

68 74 79 76 68 

63 71 77 74 66 

56 64 70 66 66 

46 63 69 64 42 

33 41 47 43 31 

25 33 38 36 27 

27 34 40 37 28 

--6/4- 


3 12 16 12 3 0 8 

5 13 17 12 4 0 7 

8 16 19 14 6 3 8 

12 17 20 15 8 6 II 

17 20 20 17 10 10 16 

24 26 26 21 16 16 23 

36 37 36 32 20 26 31 

60 63 63 47 41 4] 48 

61 06 66 61 66 66 63 

66 68 69 08 66 68 76 

69 60 01 63 66 73 84 

47 46 47 so 67 60 84 

33 31 33 37 44 69 76 

24 23 26 29 35 48 62 

21 22 24 26 28 35 48 

23 23 23 23 28 37 

Centre of 
•ymmetry 


Angstrom amt 

14 16 14 

13 14 11 

12 10 6 
13 9 4 

18 16 9 

27 26 20 

39 38 33 

63 50 46 

00 63 56 

79 74 67 

80 84 76 

01 88 80 
84 81 74 

70 06 68 

61 48 39 

40 34 27 


In the projection along the a axis, fig. 1, the molecules overlap to such an 
extent that the detail becomes very confused. The overlappmg moleoulea are, 
of course, actually half a translation behind the centre one. The most notable 
feature is the large gap betvreen the ends of the molecules, where the strong 
cleavage of the crystal occurs. 

The projection along the b axis, fig. 2, is much the most mteresbng, because 
here every atom in the molecule is separately resolved, m spite of the foot 
that the jdane of the molecule is actually mdmed at about 60° to the plane of 
the paper. Most of the measurements given below are based on this pro¬ 
jection. 

Kg. 3 u the same projection showing, on a smaller scale, the mutual relations 
of six molecules as they ate built together to form the crystal. 
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Table V.—^Projection along the b axis. 
Density as number of electrons per square Angstrom 
6 6 3 4 a 13 14 14 IS 17 17 14 


7 4 3 S 9 13 

7 5 3 5 7 12 

7 5 4 3 6 13 


7 7 6 2 6 18 

(t 7 5 4 11 25 

7 7 8 12 23 36 

10 10 IS 2S .38 46 

IS 16 20 42 S3 S3 

24 24 36 63 03 66 

30 30 42 07 63 07 

33 31 40 SO SS 66 

29 26 20 37 40 64 

22 17 18 24 38 03 

13 (I 12 21 37 02 

[m| 11 17 28 42 48 

13 10 30 42 40 40 

22 32 46 06 64 40 

29 42 67 63 04 38 

83 46 60 60 01 41 

30 41 00 01 48 47 

24 30 36 40 46 02 

IS 10 23 31 43 63 

10 10 10 20 30 46 

7 7 12 21 31 34 

6 7 11 18 22 21 

7 8 11 IS 13 12 

7 9 10 8 7 8 

7 8 7 0 8 9 

7 7 4 3 7 12 

6 S 3 4 8 13 


17 22 28 31 28 19 

21 J4 44 46 36 23 

20 47 67 63 38 22 

37 .64 .60 60 34 20 

42 32 SO 30 26 16 

44 42 J4 20 17 12 

42 31 21 14 12 10 

40 20 10 12 11 9 

42 27 19 18 12 9 

47 .38 30 23 14 9 

64 so 41 28 16 10 

61 58 45 27 15 10 

62 07 41 23 12 9 

56 46 30 16 10 8 

44 31 19 12 0 6 

32 20 14 12 10 6 

26 17 17 16 12 7 

27 26 26 22 14 8 

37 37 34 26 16 9 

48 47 37 23 IS 9 

66 48 .33 17 10 7 

53 41 24 11 7 6 

43 20 16 8 6 4 

28 18 12 8 6 4 

17 13 11 10 7 4 

11 11 12 10 7 4 

10 12 11 8 6 4 

12 18 9 6 6 6 

14 12 9 8 9 0 

14 14 16 17 17 14 

- e/2 - 


118-8" 


umt X 10. 

10 8 9 10 

12 9 9 9 

13 9 8 7 

12 7 7 6 

11 7 6 0 

10 7 6 6 

9 6 7 6 

8 7 7 6 


8 

8 

10 

9 

8 

6 

3 


3 

4 
0 
6 
7 

10 


8 6 4 

7 6 2 

8 6 2 

8 0 2 

7 4 4 

6 4 4 

4 4 8 

2 0 6 

3 6 6 

6 6 4 

6 0 3 

6 3 2 

4 12 

1 0 2 

0 0 4 

0 2 6 

1 4 6 

3 6 0 

4 6 0 

4 0 5 

6 6 7 

6 7 9 

8 9 10 









Founer AntAytu of the Durene Structure. Mi 

The peojecticn aleog the o exu, fig. 4, is aomewhat diaappointiiig. In apite 
of the fiMt that over BO terms have been employed m this aeries, tiie aosttering 
oentres are not separately resolved, but only m groups of two. The projeotion 
does, however, give an aoonrate measurement of the inolmation of the plane of 
the moleoole to the a and b axes, informatioa which is missing from the b 
axis projection in fig. 2. 




Scale 

0 I 2 .1 4 5. 

■ ■ -.'A 

JTie 3.—^Projeotion along b axis ahowing mutual lelation of iuoImuIm. 

Tig. 6 ia still the o axis projection, showing on a smaller scale how the mole¬ 
cules are related m the crystal. 


The Detailed Structure deduced from the Founer Analytw. (Cti-ordinatei, etc.) 

Am mentumed above, the b axis projection, fig. 2, gives the most precise 
information concerning the structure of the molecule. The regularity of the 
esntzal hexagon of carbon atoms is easily tested. Any two opposite sides are 
fcaiid to be parallel to and one-half the loigth of the line through the centre 
joining the other two comers, to a fairly good approximation. It aeems very 
unlikely that anything other than a regular plane hexagon could give rise to 
this ptojeotion. 


2x2 
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The diatanoee between the oentzee of the atoms can be dizeoUy messmed 
on fig. 2, and when these values aie oombmed with the dizeotum oonnes given 
below, the model illustrated m fig. 6 is obtained. The carbon to carbon 
distance in the benzene ring is 1 • 41 A. at the sides, bat at the centre the sbghtly 
smaller measurement of 1*38 A. is obtained. This result mi{pit indicate some 
alight distortion of the ring from the regular plane hexagon, but it is more 



(*) W 

As. 4.—Iftejeetion akog c axis. Each eootonr line leptsew i t s one eleotnn per A*, tlnk 
line is dotted. 

likely a mismeasarement resulting from the difiBcnlty of estimating the ezaet 
positions of the oentree. 

The position of the methyl group is interesting. The centres appear to lis’ 
at a height of 1 *50 A. above the horizontal axis, which is distinctly greater 
then the 1*41 A. of the benzene carbon. Tet the line joining the centres of 
the gtonps intersects the horizontid axis at only 1 ■ 33 A. from the benzene ring. 
The methyl groups thus appear to be dzqilaoed away from each other, towards. 
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the Tuumbetituted positions of the benzene ring This is rather a small effect, 
but it appears to be quite distinct in this projection, the angle between the 
methyl group and the horizontal axis being 33° instead of the 30° required by 
a regular structure. The distance between the centre of the methyl group 
and the centre of the adjacent carbon atom m the benzene nng is I *47 A., 
which it is mteresting to note would be the distance from the centre of a sphere 
of 1*64 A. diameter (diamond carbon) to the centre of a sphere of 1 41 A. 
diameter (graphite carbon) in contact with each other. 

These results r^;arding the positions of the methyl groups ue not quite 
borne out by a study of the c axis projection, fig. 4. In this projection the 
line of centres of the unresolved methyl groups appears to lie at a somewhat 
greater distanco from the benzene nng than would be expected from the above 
figures. This is probably due to lack of sphencal symmetry in the methyl group, 
but the resolution obtamed in this projection is not sufficiently good for reliable 
results. 

With regard to the actual onentation of the molecule m the crystal, the 
apparent angle which the long axis (AB) makes with the a axis m the b pro¬ 
jection, fig. 2, 18 8*4° (mean of four lines). In the a projection, fig. 1, the 
overlappmg is too compheated to yield a reliable result, but in the e projection, 
fig. 4, the angle with the projected o axis is estimated at 49*5°. (combining 
these measurements, we obtam for the actual angles x> and b>, which the long 
ATiw of the molecule makes with the a, b and o' axes (o' being perpendicular to 
the a and 6 axes), 

/ = 49*1° cosx —0*656 
<J; = 41*4° cos <J/ = 0*760 

(u = 84*6° oos b> = 0*097 

The cross-axis (CD) is found to make an apparent angle of 83*2° with the a 
axis m the 6 projection (mean of five Imes). In the a and c projections this 
axis of the molecule appears to be very nearly parallel to the o crystal axis. 
The most consistent results are, however, obtamed when this cross-axis is put 
at a small angle of about 1 *2° with the o axis in the a projection. With these 
figures we obtain for the real angles x% V the oross-axu malnm 

with the a, b and e crystal axes 


co8x' = -0*118 
cos — 0‘021 
cos u' = 0*993. 


X' = 96*8° 
f =5 91*2° 
<a' = 6*9° 
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Tb» real angle between the long and the croea-ans of the rntdeoule la are 
eoa (ooa x ooa x' + ooa ooa <]>' + ooa cm <^') ^ u equal to 89*8'’ when the 
above figonsa aie employed. Thia la not, however, in the present matanee, an 
oitiiely independent check on the regolanty of the molecule, as some weight 
has been attached to this result in amving at the small angle of 1 • 2° mentioned 
above which the cross-axis makes with the c direction in the a projection 

It ia mterestmg to note that the orientation given above only difieia by 
about 2" from that reached m the trial and error analysis previously given 
(loo. at.). 

Ten out of 16 oo-ordinatea which determine this structnre can be directly 
measured on fig. 2. The remaimng five, the y co-ordinates, can be obtained 
frtan the mientation worked out above, baaed chiefly upon the b and o pro¬ 
jections. The complete set is given m TaUe YII, the figures m bold type 
lefening to separately resolved centres. 

Table VII.—Co-ordinates. Centre of Symmetry as Origin. Monoolinic 


Atom «/. 
flg 2. 

xA. 

Zmxia 

»A. 

Zwtfib. 

sA. 


A 

SM 

67 O’ 

1 81 

I18» 

1 68 

90 r 

B 

106 

SS-O’ 

0-91 

(56 6° 

0-89 

466' 

C 

0 48 

18 r 

-0 03 

- 1 S' 

1 40 

78 6' 

o 

-0 04 

—19 9“ 

-0 94 

-68 6° 

0 68 

88-4' 

K 

—1 85 

-88-9" 

-1 87 

-117' 

1 86 

69 9* 


Intermolecuhr Dtrlatuxt. 

V^th the above values for the co-ozdinates the distances of approach between 
atoms on neighbouring molecules can be obtamed.* The shortest distance 
between the methyl groups on the standard and the reflected moleoule u found 
to be 3-93 A., and between adjacent molecules on the 6 axis the coitespondmg 
distance is 3-87 A. The similanty of these figures is significant, showing that 
the molecules are poised m the crystal in such a manner that the minimum 
distance of approach between adjacent methyl groups is praotically constant 
(These figures should also be compared with the anthracene results.* The 
oorteqwnding figures for aromatio carbon atoms were then found to be 3 77 A. 
and 3-80 A.) 


• ‘ iroo. Roy. Soo.,’ A. vol. 149, pu M (19SS). 
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Aorms the desvage planes the gap is somewhat larger. The distance 
between the methyl groaps on adjacent molecules on the c axis is 4*22 A., and 
between the standard and reflected molecule one translation along the c axis 
it is 4-15 A. 


7Ae Eleetron Dittnbta%on 


The position of the methyl groups relative to the benzene ring has already 
been described, and it has been pomted out that the peak value of the electron 
density on the methyl groups is a httle lower than on the benzene carbon atoms. 
The diflerenoe is perhaps too small to be significant, the density being about 
6*0 on the methyl groups compared with about 6*4 electrons per square 
Angstrom on the benzene carbon atoms. As well as showing this diflerenoe 
in density, the structnre is somewhat more distended around the methyl 
groups, a result which might be expected from the fact that three hydrogen 
atoms are known to be associated with the structure at these pomts. Again, 
any oscillation of the molecule as a whole, about its centre, if it is qmte a rigid 
structure, would have greatest eflect at the outlying points 

Any attempt at electron counting is necessarily difficult owing to the large 
overlap of the atoms even in the b axis projection. A count has been made, 
however, in the following way, which at least has the advantage of avoidmg any 
arbitrary definition of the atomic boundaries The whole area of the b axu 
projection has been divided up into sections by drawing perpendiculars through 
the mid pomts of the lines joinmg each pair of atomic centres. The partition¬ 
ing which results from this operation is shown m fig. 7. It will be seen that 
the scattering matter at each pomt on the projection is now attributed to 
the group nearest to that particular pomt. 

When the scattering groups all have about the same radius the method 
should give reasonable results. With durene no allowance has been made 
for the somewhat larger radius of the methyl groups, so a defidenoy may be 
expected for these groups. When the figures are summed over these areas 
the following results are obtained:— 


A. Methyl group — CHg. 8*4 electrons (9 required by chemical 


B. Sm{^ carbon ->C :6.4 

C. Carbon and hydrogen > CH : 7*2 

D. Single carbon ->*C :6*4 

E. Meth^group —OH,:8*7 


structure) 


(6 „ ,. ) 
(7 ,, ) 

(6 ) 
(9 ,. ,. ) 
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Former Analysia of the Durene Structure. 

The total of 37 eleotrone ia neoeeBarily the same as (000), as a qnatter of 
the whole am of the pcojeotioii has been ooveied. But the variation m the 
nnmber among the groups gives some evidence of the presence of the hydrogen 
atoms. 



In conclusion, it gives me pleasure to acknowledge the help and encourage¬ 
ment received from my wife in the course of this work. I am mdebted to 
Sir ’William Bragg, O.M., F.R S, and the Managers of the Royal Institution 
for the facilities afforded at the Davy Faraday Laboratory where this work was 
carried out 


Summary 

The results of the crystal analysis of durene, 1.2.4.5-tetramethyl bensene, 
already descnbed, have been subjected to a double Fourier analysis about the 
zones of the three principal crystal axes The results are set out in five con¬ 
toured diagrams drawn to an absolute scale. The detailed structure deduced 
from this analjrsis shows a regular plane hexagon benzene ring with the four 
methyl groups also m the plane of the rmg, but sbghtly displaced (abcnt 3°) 
towards the unsubstitnted positions. The orientation of the molecule m the 
crystal is stated on p. 670, and the 16 parameters of the structure are given 
on p. 671. In one of the projections all the carbon atoms in the molecule are 
separately resolved. 
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The oentn-to-eentee distenoe m the bauMne ring is shout 1<41 A., but the 
eentie of the meth]^ group liee st the Mmewhat greater diataaoe of about 
1-47 A. from the adjacent aromatio centre. The riunteat distance between 
methyl groups m neighbouring molecules is of the order of 3*9 A. 

The electron count shows the effect of the hydrogen atoms. 


The Crystalline Structure of Naphthalene. A Quardttattve X-Ray 
Investigation. 


By J. Momtbath Kobxwtsom, M.A., Ph.D., D Bo. 

(ConuDumoated by Sir William Bragg, O M , F S 8.—Received August 16, 1933.) 

Crystal Data. 

WopAtAolsne.—CioHf Mcltmg point 80® C. Density 1-162 (calc. 1-172). 
Monoduuc prismatic, a = 8-29, 6 a* 6-97, c = 8-68 A., p = 122-7®. Space 
group (P2i/o). Two molecules per umt cell. Molecular symmetry, centae. 
Molecular volume, 362 A’ Total number of electrons per umt cell = F(OOO) 
136. 

ExpenmenUd—Measurement of Intensities. 

When a small single crystal is placed completely m an X-ray beam, the 
mtegrated reflection is proportional to the mass of the mystal, if the latter is 
sufficiently small. Although fairly large crystals of naphthalene can easfly 
be obtamed, the aim m this work has been to carry out the measurements on 
specimena small mough for this proporiaooality to bold good. With soft 
argamo crystals of the hydrocarbon type, the size required for reliable reeults 
IS found to be of the order of 0-1 milligrams. 

A difficulty thus arises owing to the volatile nature of the compound. A 
naphthalene crystal of such a sue changes rapklly in weight, and in fiiet will 
not last long enough for a complete record to be taken. The absolute measnie- 
mcnti and most of the relative measurementa of intensity were therefore carried 
out on specimens sealed off in very thin glass tubes, previously tested as regards 
uniformity and absorption, the whole technique being very to that 

desenbed for the duzene mvestigatimi, p. 669. 




CryataUine Stmetme of Naphthalene. V1$ 

The abeolote meunreinentB were made od two sdaoted oaphthalene oryitali 
l^oompariaoD with an anthneene standard, kuidljleot by Dr. B W.Robuison. 
Ihese two naphthalene crystals were then used as sub-standards to convert all 
rdative intensity measurements into absolute values. All the measurements 
wero camed out with copper zadiaticm (A = 1 *54 A.). 

The photographic method was used m most of the relative intensity work. 
About twelve drSerent crystal ^ledmmis of various sizes were employed 
altogether, and the various seta of measurements were in general oonrelated 
through the weaker reflections. The stronger reflections show a very mariced 
falling oS m intensity with the larger crystal specimens, as shown, for example, 
by the correlation given m Table I. 


Table I.—^Relative intensities, integrated (unoorreoted). 


hU. 1 

Ciyiital No. 4 

I'O mg. 

CryrtalNo 8 

1 about 0 8 mg 

OyatalNo 12 

0-240 mg. 

001 

608 

18S0 

2260 

oos 

278 

326 

316 

003 

226 


200 

004 

no 

loe 

106 

203 

110 

113 


iOO 

1083 

2036 


201 

1303 

2610 


20! 

484 

632 

— 


The true values for the strongest reflections remain a little doubtful, but 
cannot diRer much from the highest values found. The large correction factors 
necessary for the glass tubes also tend to make the scale of absolute values 
rather leas certain than the anthracene figures, for example, but quite con¬ 
sistent results were obtained in different experiments. A complete list of the 
measured stmoture factors is given in Table II. 

The Struolun by Trud and Error. 

Ever sinoe Sir 'V^^lliam Bragg’s pioneer work on organic crystals* it has been 
known that the crystal structure of naphthalene is very sunilar to that of 
anthracene. A complete determination of the latter structure has recently 
been given,! and these figures form a natural staitmg-point for the exact 
detennination of the naphthalmie structure. With a model based on the 

* ’ Proo. Phys. Soo vol. 84. p 33 (1921) 
t ‘ Proo. Roy. Soo.,’ A, vol. 140. p. 79 (1933). 
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antiuaoeiie dimennoiu and orientation the otraotnie faoton were oalotilated 
and oompaied witii the meaatired valuee. Althon^ a good general agreement 
was obtained for all the strong reflections, a nnmber of the weaker and hi^ 
index refleoticms showed rariier large discrepancies, indi c a ting some change m 
the stmotnre. The nature of this change was not at first obvious, but after a 
few trials it was found that the long axis of the naphthalene moleonle is talted 
furtheir out of the (010) plane than that of anthracene. (In the previous 
flotation, t|/ is increased from 97° to about 103°.) The structure frmtois for all 
the planes were now calculated, and m this way the signs of the terms in the 
Fourier series were determined. From the results of the Fourier analysU, 
given below, the stmotore has been refined, and the stmotnre factors have now 
been recalculated <moe more from the final values of the parameters given on 
p. 686. The agreement found between the measured and the calculated values 
IS shown m Table II, and it may be noted that none of the structure fiutors 
have changed from the sign employed in the Founet analysis (Tables III-V). 

Table III.—^Naphthalene. Yalues and signs of F (OiU). 

h 

0 1 2 3 4 1 


e — +46+0 — — — 

s -2 — — +0 -3 — 

4 +14 - 7 6 - 4’6 +7-6 - 8-6 — 

3 +19 - 6"6 +10 -I 7'6 — — 

3 -15*6 - 4 + 8*8 +8 — - 4*6 

1 +27-8 - 6 -14 +12 8 - 2-6 — 

I 0 fl36 _ _U — — — 

I +37.8 + 0 -14 -It 8 - S-5 — 

5 -16-6 +4 +8-6 - 8 — +4-8 

8 +19 +6-8 +10 - 7 6 - — 

i +14 + 7 8 - 4-6 - 7 8 - 8-8 — 

J -3 — __6-8 — 

I _ _4.5+e — — — 


- 3 
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Fourter Analjfsu {Tables and Diagrams). 

A double Founer analysis of the experimental data has been carried out 
for die zones about the a, b and e crystal axes, and the results are expressed 
in figures which give the projection of the structure on planes normal to diese 
axes. In these figures each contour line represents a density increment of 
either one or two electrons per square Angstrom unit. The results are thus 
expressed in the same form as in the durene analysis (Zoo. otZ.) and the same 
formulffi are apphcable. The coefficients for the three series with their signs 
are oollected m Tables UI-V, and the results of the summation follow in 
Tables Vl-Vin. 

The projection along the a axis, fig. 1, shows one complete molecule over¬ 
lapped by two others at the sides These overlapping molecules are actually 
situated half a translation along the a axis (perpendicular to the paper) from 
the centre one. After a large gap, corresponding to the cleavage plane in the 


Table VI.—^Projection along the a axis 
Density of scattenng matter as number of electrons per X 10. 


A 9 10 11 

H e e 9 

sees 

14 10 8 10 

le 12 11 16 

16 16 le 23 

26 26 29 36 

42 46 49 61 

e 2 66 60 62 60 

62 66 67 63 

34 36 38 36 

17 21 26 26 

12 19 28 36 

14 26 41 63 

23 34 61 63 

43 67 60 

--*/4 


Id 14 16 16 16 

12 16 16 14 10 

14 17 17 13 7 

17 26 29 26 IS 

27 39 46 44 37 

36 49 66 66 46 

43 49 60 46 39 

60 44 36 27 23 

60 36 22 13 12 

41 27 16 9 11 

27 18 12 11 12 

28 19 16 14 12 

36 31 26 18 11 

66 49 38 26 16 

66 68 44 33 27 

66 48 39 |W 39 

Oentn of lymmetiy. 


14 13 11 10 9 8 

9 9 10 12 12 11 

6 e 9 10 10 9 

14 12 12 11 9 7 

29 24 21 19 16 14 

39 36 36 36 36 34 

36 38 44 61 67 60 

26 36 48 69 68 73 

20 31 43 66 62 66 

17 26 34 42 48 63 

16 18 26 36 47 as 

9 11 21 40 62 77 

6 9 26 62 81 100 

12 18 34 69 86 101 

29 36 48 69 70 Tie 

48 66 60 67 40 43 

-»/4- 
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17 

14 

ToUe Tn.— Ftojoetaai oloiig tito b aada. 
Doariiy as number of deotnoa par A* X 10. 

10 10 11 2 5 7 0 11 10 2 

7 

2 

9 

10 

le 

14 

2 

0 

9 

8 

7 

7 

11 

14 

14 

10 

6 

7 

10 

10 

IS 

12 

8 

5 

7 

9 

9 

10 

15 

10 

18 

11 

7 

9 

11 

» 

14 

12 

7 

4 

6 

10 

12 

17 

22 

25 

20 

IS 

11 

12 

12 

10 

1« 

IS 

7 

4 

7 

12 

10 

27 

22 

20 

22 

18 

17 

15 

12 

11 

2a 

17 

9 

6 

9 

12 

20 

41 

42 

34 

27 

26 

28 

17 

12 

IS 

22 

20 

12 

12 

14 

22 

40 

52 

47 

25 

84 

26 

28 

16 

18 

14 

SS 

22 

21 

12 

18 

20 

72 

61 

47 

28 

45 

40 

81 

15 

15 

14 

24 

27 

21 

22 

21 

22 

60 

20 

44 

44 

67 

52 

29 

14 

16 

11 

24 

26 

42 

22 

22 

41 

21 

55 

42 

54 

08 

54 

25 

12 

12 

T 

as 

42 

54 

22 

21 

41 

58 

46 

45 

66 

74 

48 

20 

11 

10 

S 

41 

62 

58 

28 

20 

28 

46 

22 

52 

77 

72 

29 

16 

10 

6 

I 

52 

74 

55 

22 

18 

22 

25 

M 

64 

82 

02 

20 

12 

7 

2 

* 

26 

77 

47 

17 

20 

28 

28 

44 

74 

78 

48 

20 

10 

4 

1 

5 

72 

72 

27 

18 

22 

24 

27 

54 

78 

66 

24 

15 

2 

2 

2 

T 

m 

61 

20 

26 

20 

22 

22 

62 

74 

51 

22 

14 

8 

1 

4 

S 

72 

4» 

21 

22 

27 

25 

28 

65 

22 

25 

12 

12 

6 

1 

2 

7 

22 

22 

40 

52 

41 

27 

42 

61 

40 

24 

14 

11 

5 

2 

2 

S 

52 

27 

52 

22 

42 

88 

48 

61 

22 

18 

12 

10 

5 

4 

6 

t 

41 

41 

25 

24 

20 

27 

27 

40 

26 

16 

12 

7 

4 

4 

2 

1 

22 

42 
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58 

21 

22 

29 

28 

20 

12 

8 

5 

6 

"a 
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24 

52 

62 

42 

22 

17 

21 

19 

15 

11 

2 

5 

5 

1 

I 

7 

24 

42 

42 

20 

15 

12 

12 

U 

U 

8 

5 

6 

2 

1 

2 

11 

22 

40 

22 

IS 

11 

2 

2 

10 

2 

2 

5 

5 
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0 

2 

14 

22 

as 

16 

10 

8 

8 

7 

2 

6 

5 

2 

6 

8 

2 

0 

14 

22 

17 

9 

8 

9 

8 

5 

4 
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7 
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5 
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1» 
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8 
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2 
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2 

6 

9 
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5 

4 

7 

11 

11 

14 
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12 
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7 

11 

8 

5 

2 

9 

2 

1» 
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9 
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Table VIII —^Projection along the c axis 
Density as number of electrons per A* X 10, 
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crystal, the beginning of the next layer of molecules is shown. It will be 
noticed that four of the atoms m the molecule, forming the inner pairs, are 
separately resolved, but that the exact situation of the others is obscured by 
the overlap. The arrangement will be made clear by a study of fig. 16, where 
the atoms are represented by circles drawn half size 
These diagrams should be compared with the corresponding anthracene 
projectaons (too. otf.). It will then be seen that the contour Imos defining the 
ends of the molecules are of very similar appearance m the naphthalene and 
anthracene a axis projectaons, in spite of the widely different lengths of the two 
molecules. The shorter naphthalene molecule is tilted over at a larger angle, 
just sufficient to bnng the end pair of atoms mto almost the same relative 
pontion as that occupied by the end pair of anthracene atoms In other 
words, the x and y co-ordinates of the end pair of atoms are nearly the same 
m the two substances, only differing by about 0*1 A. at the most. It would 

2 Y 
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seem that this particular configuration must be of some importance to the 
stability of the structure. 

In the projection along the 6 axis, fig 2, the plane of the molecule is mclined 
at about 60® to the plane of the paper, yet a good resolution of the moleculp as 
a whole and of four of the individual atoms is obtamed These atoms show a 
very good spherical symmetry, allowing the position of their centres to be 
estunatod very accurately It may be noted that this time the outer pairs 



(a) (b) 

Fio. 1 —Projeotion along the a axis. Ea«h oontonr line roproeonts a donsily inclement 
of one electron per A* The one electron line la dotted m all the diagrams 


of atoms are resolved, so that by putting the a and 6 axis projections tc^ther 
we obtain a separate picture of every atom m the molecule, except one on each 
of the end pairs, which is always obeoured by overlap. 

Fig. 3 18 again the b axis projeotion, showing on a smaller scale how the 
nMdfiOulee are built together m the crystal. It should be borne m mind, how¬ 
ever, that the centre molecules in this picture ate really half a translation along 
the b axis (perpendicular to the paper) away from the others. 
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The complete stmotoie will be made clear by compatuon with fig. i, which 
gtvee the end on view along the o axu. The relation of five molecules is shown, 
but as none of the individual atoms are resolved m this projection, it is not so 
useful as the others m elucidatmg the details of the structure. 



Fio. 3 —^Projeotion along 6 axis showing mutual relation of moleoules Each line repre- 
smite one electron per A* 


The Strvdwe Refined from the Fowner Analysis {Co-ordinates, etc ) 

The deduction of the onentation and structure of the molecules follows 
closely that given for anthracene and durene {loo. oU.). Careful measurement 
of the diagrams shows that the carbon rings are almost certainly m the form 
of two regular plane hexagons. 

The apparent angle which the long axis of the molecule makes with the o' 
(vertical) direction in the a axis projection is 14'0°, and m the h axis projection 
it IS 26*0°. From these figures the actual angles x, 'j' uid which the long 
axis of the molecule makes with the a, b and o' (perpendicular to a and 6) axes 
areX = 116-3“ cos x = - 0-428 
<ji = 102-6“ COB = - 0-219 

<ii = 28-7“ cos Cl) = 0-877. 
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Similarly, the orooe axis (os') makes an average apparent angle of 67'8° 
with the c' direction m the a axis projection, and 42-1° m the b axis projection, 
giving for tiie real an^es:— 

X'=71-2® coex' = 0‘323 

4 ;'= 28-8'’ 008 « 1 »' = 0-876 

u' = 69-1° 008 w' = 0-367. 

The angle between the long and the cross axis of the molecule is 90- 9° with the 
above figures This result provides an independent check on the regulanty 
of the structure. 

The distances between the atoms which are resolved m the projections can 
now be measured and combmed with these direction cosines to give their real 
magmtudes. Owing to the overlap, the a axis projection is difficult to measure, 
but the carbon to carbon distance can be safely placed at between 1-40 and 
1 44 A. The centre distance (os') appears to have the larger of these values, 
but tins may not be a reliable result. The b axis projection, on the other hand, 
IS very easy to measure accurately, and the radius of the hexagons (measured 
as half the distance across the rings) is here 1 *41| A., and the periodicity along 
the axis of the molecule is 1-22 A. These last figures are the same as the 
oorrespondmg anthracene results. 

The co-ordinates of the atoms can be worked out from these figures and the 
orientation angles, ten out of the fifteen values can also be obtamed by direct 
measurement of the diagrams, and are given m bold type m Table IX. 

Table IX.—Co-ordinates. Centre of Sjrmmetry as Ongm. Monochnic 


Atom, 

1. 

*A. 

2wzla. 

yA. 

1 

sA. 

im/e 

A 

0-72 

31 3 

0-00 

8-1 

8 88 

118 0 

B 

094 

41 0 

0-97 

886 

1 88 

78-0 

C 

0 SO 

le 9 

0-08 

87 8 

0 80 

18-8 

D 

ooa 

M 8 

1-80 

90 8 

-0 68 

-88 8 

E 

0 OS 

2 5 

1 15 

89-5 

-2-25 

-93 5 


ItUermcieouUfr Ditlanoet. 

The closest distance of approach between the centres of atoms on neighbour¬ 
ing molecules appears to occur between the standard and the reflected moleoula, 
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where a mmimum distance of 3 *60 A. has been obtained &om the above 
oo-ordinatea. Between adjacent molecnles on the b axis the mmimum distance 
IS 3‘72 A. These figures are slightly less than the correspondmg anthracene 
values (3‘77 and 3*80A) Between the ends of molecules lymg along the 
c axis the nummum distance is about 3 95 A., and between the standard and 
the reflected molecule one translation removed along the c axis it is about 
3 80 A. 

The EleOron Dtstrtbuttm. 

The decrease m the peak values of the electron density on passing outwards 
from the centre of the molecule, which was so noticeable m anthracene, is not 
observed m the naphthalene b axis projection, fig. 2 The three pairs of 
unresolved centres rise to peaks of just over 8, while the separately resolved 
atoms are between 6 and 7 electrons per square Angstrom unit In the a 
axis projection, fig. 1, tho density at the central atoms marked C is also between 
6 and 7 units, but on the end atom A it falls to just under 6 umts. This result 
seems to be due, however, to the varying amount of overlap of the atoms in the 
a projection. 



As the real distance between the scattering centres has the constant value 
of 1*41 A, the electron count may be earned out m the same manner as m 
the durene analysis {loo. cit.). In this method the acattermg matter at each 
point on the projection is added to tho nearest centre, by drawing perpendicular 
dividing lines through the mid pomts of the lines jommg each pair of centres. 
The partitioning of the naphthalene b axis projection in this manner is shown 
in fig. 5. 
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When the figuiea are summed over these areas, the following results are 


obtained: 

A. 

> CH: 7-4 electrons (7 required by chemical structure) 

B. 

>CH: 7-1 „ 

(7 .. ) 

C. 

>C • 6*7 

, (6 .. „ ) 

D. 

>CH - 7 0 „ 

(7 .. ) 

E. 

>CH 6-9 „ 

(7 „ ) 


These results seem to indicate that the hydrogen atoms are on the average 
located m the regions shown. 

In conclusion, I agam wish to thank Sir Wilbam Bragg, 0 M., K.R S., for 
his interest m this work, which has been earned out in the Davy Faraday 
liaboratory. I am indebted to Miss I. Woodward for assistance m converting 
the naphthalene and durene summation values to absolute units, and in 
recalculating some of the structure factors 

Summary. 

The crystal structure of naphthalene has been worked out m detail in a form 
paraUel to the anthracene and durene determinations The measurement 
of the intensities is desenbed, and the structure is first obtamed by tnal and 
niTor, starting from the ori^itation found for anthracene. These results are 
refined by a double Fourier analysis carried out for the zones of the three chief 
crystallographic axes, and the results are expressed in absolute nmts. The 
orientation is givoi on p. r>84, and the 16 co-ordinates of the atoms on p. 686. 
The structure differs from anthracene chiefly m the larger incbnation of the 
long axis of the molecule to the (010) plane 

With the exception of one on each of the end pairs, all the carbon atoms m 
tiie molecule are separately resolved m the combmed a and b axis projections. 
The interatomic distance of 1 -41 A. is the same as m anthracene, and the 
closest distance of approach between the centres of atoms in adjacent molecules 
(3*60 A.) 18 also very nearly the same as in anthracene. 

The electron distribution does not show any marked falling off in the peak 
values on passing out £tom the centre of the molecule as in anthracene, but 
the electron count is again in good agreement with the chemical structure. 
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By N. Fbathbb, Ph.D., Tnmty College, Cambridge 
(Communioated by Lord Huthorford, O M , P IIS —Reeoivod October 4, 1933 ) 
[PljiTls A and 7 ] 

Itdrodudum 

In a previous paper* experiments were described m whicli collisions between 
neutrons and mtrogen nuclei had been investigated by stereoscopic photography 
of the tracks produced in an expansion chamber filled with mtrogen and 
traversed by the radiation from a source of polomnin and beryllium placed 
at its centre. With this arrangement 1740 pairs of photographs were taken 
The method has smee been extended to neutron-oxygen nucleus encounters, 
and a preliminary report of the results obtained m 1490 paus of photographs 
has appeared.f In the present paper these results are presented m greater 
detail and more recent expenmental material, provided by 1460 stereoscopic 
pans belonging to an oxygen-hydrogen series of photographs and 2210 pairs 
to an acetylene-hehum senes, is given for the first time The analysis of this 
new material scarcely does more than provide preliminary data for the dis¬ 
cussion of the general problem of the close collisions of neutrons with light 
nuclei, but its publication at this tune may well be of mterest 
Dunng the course of the work reports of similar expenments —m progress, 
or already productive of prelunmary results—have been received from Augert, 
Meitner and Fhilippf, Harkins, Gaos, and Now8on||, Kurio^l , and Riedcr ** 
Reference will be made to their results at a lator stage It is necessary, 
however, to draw attention at the outset to a feature common to all such 
expenments, in which the expansion chamber is used Although individual 
events may be studied and the angles involved in their description be deter- 
mmed directly, the kmetic energies concerned may be deduced only from 

* ‘ Proo. Roy. Soc A, vol. 136, p. 709 (1932), rrfnrwi to as Part 1 
t * Nature.’ vol. 130, p 237 (1832). 

t ‘ C. R. Acad. Soi. Pans,’vol 196. p 234(1932). vol 106, p 170(1933), Auger and 
Ucnod-HetMii. ’ C R. Acad. Soi Pans,’ vol 106, p. 1102 (1933) 
f ‘ Naturwiss,’ vol. 20. p 929 (1932) 

II ‘ Phys. Rev.,’ voL 43, p. 806 (1933), vol 43, p. 684 (1933), Harkins, ‘ Phys Rev 
vol. 43. p. 362 (1033). ‘ Sotenoe,’ vol. 77, p. 468 (1033). 

H ‘ Phys. Rev .’ vol. 43, p. 672 (1033), vol. 48. p 771 (1033) 

** ‘SltsBer. Akad. Wiss Wien,' vol. 142, p. 169 (1938). 
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measurements of lengths of cloud track. However extensive the experimental 
material may be, we are very seriously handicapped m interpreting it by the 
inadequacy of our knowledge of the range-velocity relation, except for a very 
few types of atom Until recently the researches of Blackett and his co¬ 
workers provided the only data for use m this connection. Now range- 
velocity curves are also available for the recoil atoms of fluorme and (less 
accurately) of carbon, these having recently been investigated by the writer * 
Some of the earlier results must be reconsidered m the light of this new 
knowledge. 

Expenmental Arrangement and the Qwsea Emjjloyed 
A descnption of the apparatus employed in the work to bo described has 
already been given.f For the oxygen-hydrogen series of photographs and 
for the first 740 photographs of the acetylene-hebum senes no change whatso¬ 
ever was made—except that a new polomum source was used—whilst for the 
remainder of the work (1470 pairs of photographs with the acetylene-helium 
mixture), m addition to a second renewal of the source (m this case the polonium 
was deposited on a disk of silver 7 *6 mm in diameter), a slight modification of 
the source container was also effected The additional absorber of lead 
previously surrounding the source box was removed, leaving a wall thickness 
of O'76 gm /cm.* of brass only, and the mtenor lower portion of the box was 
lined with berylhum-aluimmum foil (70% beryllium by weight) J m an attempt 
to mcrease efficiency by using a greater fraction of the a-particles emitted by 
the polomum. The target of beryllium metal previously employed was, 
however, retamed. Throughout the exponments the mean strength of the 
polomum source was about 26-30 milliounes 
Concerning the gases employed, the pnnciples of choice have likewise already 
been discussed § With the present apparatus it is not desirable that large 
expansion ratios be used, and imtial pressures other than roughly atmospheric 
are entirely impracticable. Moreover, it is important m preliminary work 
never to have more than one type of atom present which is capable of dis¬ 
integration under neutron bombardment. When it was desired, therefore, 
to mvestigate the inelastic collisions m oxygen at greater dilution,|| hydrogen 

• ‘ Proo Roy 8oe ,’ A, vol 141, p 194 (1983). 
t Part I, p 710 

X I wish here to aoknowledge the kindness and oo-opeiatHm of the Western Eieotno 
Od., Ltd, m providuig this material, 
f ‘ Proo. Roy. Soo A, vol 141, p. 194 (1938) 

II ‘ Nature,’ vol ISO, p 237 (1932) 
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was added to the oxygen m the chamber A mixture of 60% hydrogen and 
40% oxygen was used. The stopping power of this mixture at the instant of 
track formation was about 0<43, compared with 0-76 for the almost pure 
oxygen previously employed. 

Acetylene was used m an attempt to observe inelastic collisions between 
neutrons and carbon nuclei.* Since all hydrocarbon molecules arc polyatonuc, 
any hydrocarbon requires the addition of an mert gas if “ normal ” expansion 
ratios are to be employed—and amongst the mert gases helium is here the 
obvious choice Furthermore, acetylene was chosen as being that gaseous 
hydrocarbon which, mixed with helium in the proportions necessary to give 
the mixture the charactenstic diatomic ratio of specific heats, also provided 
the mixture with the greatest proportion of carbon atom stopping power. 
The proportions by volume finally adopted were helium 67 6%, acetylene 
41 "2%, hydrogen 1-3% At the time of track formation the colculatedf 
stopping power of this mixture was 0 41, m terms of standard sir. Acetylene 
was taken from a small cylinder (from solution m acetone), bubbled through a 
wash bottle contauung water and collected The requisite amount was 
passed mto the expansion chamber, which had previously been washed out 
with hydrogen and filled to the desured pressuro with helium. In the latter 
operation crude helium, contauung about 20% air, was passed slowly over 
charcoal cooled in liquid air before it entered the chamber. 

Analym of the RmUta, 

Ekutto CdUmom .—The experimental results under this head will be treated 
first. They comprise measurements upon single recoil tracks and may be 
presented qmte simply. Measurements upon paired dismtegration tracks 
will then be considered. 

Figs. 1, 2, and 3 give fhe integrated! range distribution curves for the recoil 
atoms produced by elastic collisions m oxygen, oxygen-hydrogen, and acetylene- 
helium mixtures, respectively. The reduced air range is employed throughout 
Fig. 1 is derived frxim measurements on 47 recoil tracks (2 havmg lengths 
greater t h«.n 4 mm. of standard air), fig 2 from 97 tracks and fig. 3 from 213 

* These ooUisionB having been thoroughly explored, those of fluorine may be studied 
iMing oarbon tetnfluoride m the expansion chamber as the wntcr has already done in 
another investigation 

t Mean a-partiole stoppmg powers have bewi used throughout, fat aoetylme Bragg’s 
value, 1 > 118, was adopted. 

J Onrves ahowmg the number of particles wiUi ranges greater than any given range. 
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traoks (16 and 67 longer than 10 mm, ot standard air, as shown m figs. 2 and 3, 
respectively). In these two latter cases almost all the traoks classified as 
Icmger than 10 mm. of standard air were piodnced by partaoles starting in the 




gas and pasmng ont of sight of oim or both cameras before being completely 
absorbed. Now in each experiment the air equivalent depth of chamber 
illuminated was somewhat m excess of 10 mm., whilst the transverse dimension 
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—^radially from the aotucce box to the chamber wall—^was about 3 cm of 
standard air. It is probable, therefore, that the majority of the particles 
produomg tiiese longer tracks had reduced air ranges considerably greater 
than 1 cm. Only 2 tracks out of 16 m the one case and 6 out of 67 m the 
other had measured lengths between 1 cm. and 3 om in terms of standard air. 

In the region of short ranges the carves are shown dotted. This does not 
mean that no tracks were measured here; some were, m fact, measured, the 
lengths of which were found to lie withm this region Other short tracks, 
however, were not measured, being classified as “apparently too short for 
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aocurate measurement.” The number of these is included with that of the 
measured tracks in the imtial pomts of the curves Where the curves are 
shown full, on the other hand, it is thought that no tracks are hkely to have 
passed unmeasured owing to an unfavourable orientation producing the 
suggestion of shortness; they represent those regions in which a satisfactory 
preciBion in measurement could be attamed. 

In the original experiments with nitrogen m the chamber this limitation to 
the measurements was not sufficiently appreciated, nor were the conditions 
of photography sufficiently good to make evident beyond doubt the presence 
of a considerable number of very short recoil tracks The possibihty of their 
presence was admitted in the course of the discussion,* but no explicit sug- 


' The thorteit nitrogen recoil traotn no doubt &il to be detected,” 1. p 717. 
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gestion was made that the range distnbntion curve of fig 26 (Part 1) might be 
incomplete in this region. However, there was definite evidence in this 
direction from the experiments of Doe • Assnmmg the proportions which he 
found (albeit from a small number of tracks), fig. 4 maybe taken as representing 
the anginal mtrogen results so corrected as to be brought into Ime with the 
later results here presented. 

Figs 1 and 4 then become precisely comparable. The two curves are of 
very nearly the same form; not many oxygen recoil atoms have ranges greater 



than 2'7 mm. nor mtrogen recoil atoms greater than about 2 *8 mm. of standard 
air. Appljnng elastio oollimon relations and using the range-velocity data 
of Blackett and Leesf we may thus conclude (witiiout inconsistency) that 
very few of the neutrons emitted from beryllium bombarded by the ai-partioles 
from polomum have energies greater than about 4*6.10* electron volts (from 
the oxygen results)—or 4-4.10* electron volts (from the mtrogen results). 
Rather, this is a conclusion to be accepted provimonally, always admitting that 
the assumption of collision radu varying but slowly with the velocity of the 


* ‘ Proc. Roy. Soo.,’ A. vol. 136, p. 727 (1932). 
t ‘ Proo Roy. Soo ,’ A, vol 134, p 6M (1982) 
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neutron is involved. Only if interaction becomes rapidly less frequent as the 
velocity moroases—or if it results chiefly in nuclear dismtegration—can the 
tnajonfy of the neulrons have energies in excess of 4'6. 10* electron volts. 
Now Curie and Joliot,• as also Ghadwick,t find that the recoil protons projected 
by polommn-beryllium neutrons for the most part have energies less than 
this amount. The maximum range of the most prominent group, 4^) rag /cm * 
of aluimmnm (28 cm. of standard air), found by Oune and Joliot would indicate 
an upper Imut at 4-6 10* electron volts, that of 24 cm of standard air, from 
the most recent work of Chadwick, a limit at 4 • 1.10* electron volts to the 
energy of the majonty of the neutrons This measure of agreement with the 
present results suggests that a real feature of the energy spectrum of the 
emitted neutrons is m question. Yet there can be no further mdication, 
solely on the basis of integrated distribution curves, such as figs 1 and 4 provide, 
whether this feature consuts in a homogeneous group of neutrons of somewhat 
more than 4. 10* electron volts energy—or whether a continuous distabution 
with energy is mvolved. Measurements of angles as well as lengths m the 
original work on the nitrogen collisions provided some support for the latter 
alternative. On the bams of Chadwick’s mterpretation of his complete range 
distribution curve for recoil protons evidence of a promment group of neutrons 
poesessmg all energies between 2 • 5 and 4 • 1.10* electron volts is to be expected 

To proceed further it is necessary next to compare fig 2 with fig. 1. The 
maximum range of 2-7 mm, taken to be characteristic of the majority of 
oxygen recod atoms, agam appears (2'8 mm. here), though less defimtely—no 
doubt because oxygon recod tracks are almost certainly less numerous than 
proton recod tracks on the photographs from which the data of %. 2 are 
derived. There are several arguments which may be adduced m support of 
this otherwise arbitrary statement First, the proportion of dismtegration 
collisions was much less in the experiment with the oxygen-hydrogen mixture 
than m that m which pure oxygen was employed (v. xnfra). Secondly, the 
form of the distnbution curve of fig. 2 is quite different from that of fig. 1 
in the region 0-8 mm. of standard air. This can only bo explamedil ^ ooa- 
siderable number of proton tracks is represented in this region of fig. 2 and if 
their distribution m length is itself quite different from that of fig. 1. The 

• ‘ J. Phys. Bad.,’ voL 4, p. 21 (1938) 

t ‘ Rcoo. Roy 8oo A, voL 142, p. 1 (1938). 

X The ■nggeation that many nMm very ihort oxygen reooil tracks were recognised as 
such at the greater dilatkio receives little support when figs. 2 and 3 are oomparedr-where 
the effective stopping power of the mixture was very nearly the same m the two coses 
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proportion of very short proton tracks must, m fact, be much greater than 
fig. 1 shows the proportion of short oxygen recoil tracks to be. Finally, we 
may argue firom previous knowledge of approximate collision radu. It is 
very likely that for neutrons of the enei^es here considered the target area for 
proton collisions is considerably greater than that efiective m oolhsioiis with 
oxygen nuclei—and m the expenment under discussion there were 60% more 
hydrogen nuclei than oxygen nuclei present in the chamber Certainly less 
than one-third of the observed recoil tracks, therefore, should be asenbed to 
the latter The conclusion that a very large fraction (of the order of of all 
the recoil protons (maximum range perhaps greater than 100 cm ) have ranges 
less than 1 cm. of standard air has already been reached by Auger (loc. cU, 
1932), and the results of Meitner and Philipp {lot. cif) are m agreement with 
this conolnsion. The present distnbution curve suggests that these low energy 
particles have a maximum range of 6*0 mm of standard air, or a maximum 
energy of 0* 30.10* electron volts.* It is very probable that they are projected 
by the neutrons which are emitted m the resonance dismtegration of beryllium 
by a-particles of about 1*4 10* electron volts energy.f However, the exact 
position of this resonance level, and so the exact energy of the corresponding 
neutrons, are matters of some uncertainty. Chadwick’s {loc. oU.) observations 
lead to 0*5.10* electron volts for the most probable energy of the neutrons, 
but the general evidence from recoil protons suggests a somewhat smaller 
valued for the efieotive upper limit of energy of this group 

There remains, last of all, the interpretation of fig 3 In the acetylene-hehum 
senes of expenments—negleotmg the water vapour m the chamber—-the 
relative numbers of nuclei present were hydrogen 37*4%, helium 26*7%, 
carbon 36 9%. It is necessary first to estimate roughly to what extent recoil 
tracks of those difierent types are represented in fig. 3. In the present state 

* The stopping power of hydrogen for protons (or for a-psrtiolee) vanes so rapidly in 
the region of small velooitios that oonsidwable caution is necessary here. For reduced 
air ranges greater than 4 mm , however, and for the gas mixtures m question velocities 
may probably be estimated withm 6% without any oorreotion bemg applied 

t Although the majonty of reooil protons are asoribed to neutrons of this resonance 
group it is not suggested that the relative abundance of the neutrons themselves is equally 
great, (lhadwiok [loe. ci<.) has shown that tho target area oharaoteristio of neutron-proton 
ooUisions inoreasoB very rapidly as the velocity of the neutron is reduced below 2*6 10* 
om /see. 

t Augw (‘C R. Acad. Sci Pans,’ vol 190, p 1102 (1033)) gives the range distribution 
of 81 short proton tracks, out of 0% used in an mvestigation of the angular distnbution 
The maximum range observed is IS mm. of standard hydrogen—and the oortespoiidmg 
neutron energy 0 26.10* oleotron volts. 
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of knoidedge thn ouinot be done witii rery greet oonfidenoe. The aoattering- 
ebooiptuni measaremente of Dutming and Fegram,* for the radon-betTlliuin 
neutrona filtered through 4 om. of lead, definitely refer to neutrons of higher 
energy than those here involved; they do suggest, houraver, a rouj^y mono- 
tonio relation between target area and atomic number, with a mi nimum target 
area for carbon nudei. But there is no evidence how the position of tins 
mimmom depends upon the velocity of the neutrons. The matter is extremely 
oom{dk)ated and littie better than a guess is at present possible, but fiir the 
interpretation of fig. S we shall assume hydrogen: helium: carbon ratios of 
roughly 45 : 30 ; 26 for the total recoil tracks. Carbon recoil tracks, on Bus 
assumption, account for only one^uarter of the total number, say, 66 tracks 
in all. 

It is difBoult fimn the curve to decide what is the true distnbutian of these 
izaoks with range. The maxunom velomty which a carbon atom may acquire 
as the result of nuclear oolhsion with a neutron of 4*1 .10* electron volts 
energy is 4*34.10* om./8eo. On the basw hitherto adopted m this work, 
the accepted range<velooity curve for mtrogen recoil atoms, tc^^ether with the 
empukal relatum of Blaokettf 

r » Jbm 2 '~>/(v), 

it would be concluded that the maximum range of such a recoil atom was 
2*96 mm. of standard air. However, the recent work of the wnter^ leads to 
a somewhat different range-velocity curve for carbon recoil atoms, and m this 
particular case to a maximum reduced aur range of about 2*3 mm. There is 
slight evidence for a fairly abrupt change of slope of the curve of fig. 3 some¬ 
where betwem these two ranges, say, at 2 *6 mm. range. Possibly this may be 
the feature under discussion. Recoil a-partioles projected by neutrons of 
manmiim energy 0*3.10* electron volts cannot have ranges greater than 
1 *8 mm. of standard air and cannot therefore be in quei^ou here. If the 
majonty of carbon recoil atoms have ranges less than 2*6 mm., however, the 
number of tracks rmnaining with reduced lengths leas than 4*6 mm. is too 
great to be ascribed to {wotaos alone. Some of these tracks no doubt belong 
to tiie group as that, of maximum range 6*0 mm., whkh is a fiaatuxe of 
fig. 2, but the greater proportacn must have another origin. We may examine 
in tum the suggestioos that these tracks are produced recoil stmns of 

• ‘ niys. Ber.,' toL 48, p. 487 (1981). 
t ‘ Broo. Bcgr. Sw..’A. voL m. p. 846 (198S). 
t ‘ Proo. Boy. 8oo«’ A, vch lil. p, 194 (1988). 

you 3 a 



N. Feather. 


helium and oarbon, leepectivelj. It may be that each type of recoil atom u 
reeponeible for some of the tracks. 

Helium recoil atoms of maximum range 4*6 mm. of standard air require 
neutrons of 1*1.10® electron volte for their production by elastio impact. 
Now penetration of the beryllium nucleus by way of the upper resonance 
level—at 2*0.10* electron volte a-partiole energy*—^may be expected to give 
nse to neutrons of 1*47.10* electron volte energy f It is possible that we 
have here to do with recoil a-particles projected by neutrons belonging to this 
group. The corresponding recoil protons would have ranges of roughly 
4*6 cm. (1 47 10* electron volte) or 2*9 cm (1*1 10* electron volte), and in 
either case would be outside the limits covered by the disteibutions of figs. 2 
and 3. It is perhaps worthy of note that Auger {loc cut.) found very few 
proton tracks of lengths between 2 cm. and several decimetres of aur. It 
may be that this evidence agam su|^te a value slightly lower than that at 
present accepted for the energy of the neutrons produced in this resonance 
disint^pration 

According to the second suggestion above made, carbon recoil atoms with 
reduced air ranges up to 4 ■ 6 mm. are projected by polomum-betyUium neutrons 
Then the energy spectrum of these neutrons must extend to 10* 1.10* electron 
volte at least.^ Evidence has steadily been aocumulatmg m favour of an 
upper limit m this region. From the mass measnremente of Bambndgef 
neutrons of 11 *9.10* electron volte ought to be observed, uulees some energy 
is always emitted m the form of a quantum of radiation—and their observation, 
in measurements of recoil track lengths, is obviously tevoured when the 
bombarded nuclei are not easdy disintegrable For, if dismtegratioa by 
neutrons can take place at all, it is probably the faster neutrons which are the 
most efficient. Now oarbon nuclei are not readily susceptible of dismtregation 
as the present expenmente show (v. tf0o).|| There is the greater chance, 
therefore, that any high energy neutrons present shall be observed by the 
elastio collisions which occur. Very little evidence for their presence can be 
obtained from the elaetio collisionB in oxygen and niteogen (figs. 1 and 4). 
On the other hand, oertam disintegiationB have here been attributed to the 

«BaMtti,'Z.niyrik,’voL78,p. 166(IQSS): OurieandJoliot.‘C K Acad.SoLPadm’ 
toL 196. p. 897 (1983); Chadwick, loe. oil. 

t Cbadwlok, eti. 

t 9*4.10*deotR)Bvalti,ift]weinpiiicialrange-velooityreJationofBlaokiett be employed. 

f ‘ Phys. lUv.,’ voL 48, p. 867 (1988). 

II Herkini, uaing ethylate in the expanakn ohamber, finds this, also—report to the 
Amwrioan Physieal Society, Chiosgo meeting, Jnne, 188S» ooooeming work in pcqgtess. 
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capture of high energy neutrons.* Evidence from recoil tracks, being more 
direct, IS leas open to doubt than that from the measurement of dismtegration 
forks. It IS important, therefore, to deternune how far this direct evidence is 
established. For we might regard all the tracks of lengths between 2 6 and 
4*6 mm. in fig. 3 as due either to hydrogen or to hehnm recoil atoms Apart 
from statistical considerations the only appeal must be to individual tracks 
it is profitable to enquire whether any reliance may be placed on such a pro¬ 
cedure. We wish to be able to assign observed tracks to the atoms responsible 
for their production in the majority of cases, or, at least, to decide between 
vanous possibilities when a mixture of gases is employed. 

The only possible criterion is one based upon difierenoes m the bnear density 
of ionisation m the recoil tracks of different atoms, and, for reasons which will 
appear, the variation of ionisation along the track is likely to provide a criterion 
in all respects more practicable than any which depends upon differences in 
absolute ionization density as between one track and another. Now we do 
not know how the Imear density of ionization varies with the distance from the 
end of the recoil path of any atom, although we arc able to deduce how the 
rate of loss of energy depends upon the residual range of the particle This is 
obtamed by differentiation of the corresponding range-energy curve. Curves 
1 to IT of fig. 6 have been deduced from the accepted range-velocity curves for 
protons (in hydrogen-air, 1 1), a-partides (m air), carbon recoil atoms (m 
carbon tetrafluonde-helium, 1:4), and mtrogen recoil atoms (m air-hydrogen, 
3 :2). They show how the rate of loss of energy m each of the above oases 
depends upon the residual reduced air range of the recoil atom m question. 
It is probable that the corresponding ionization-distance curves will hare 
roughly tiie same form.t Moreover, there is some evidence^ to show that 
m a well-developed and heavily ionized cloud track the power of scattenng 
li^t reaches a maximum where the mitial ionization per centimetre of path is 
a m^Tininm —^if the connection between these quantities is not indeed closer 

* Hsridns, Gaiu, and Newno, * Fhjm. Ker.,' vol 43, p. 106S (1038), U)ut., rol 44, p 330 
(1838 ); Knrie, ‘ Phys. Rev.,’ voL 43, p 771 (1983) 

t The mean eneigy per ion pair may not, however, remam constant when imiisation u 
to any laqpi extent due to capture and loee of eleotroos. Then, as the recoiling atom 
baoemm slower, the most jKobeble state of msta nt a neo ns kudsathm is a lees heavily 
ionised one and the average amount of energy n eow e ar y to prodnoe “ loss " of an eleotion 
is Xhe ” maximum ” may in oonsaquenoo oocnr nearer the end of the 

trade than the “ rate-of-Iosa of energy maximum” ((/. Blackett and Lees, ‘ Proo. Boy 
Soo.,’ A. vol. 184, p. 008 (1982)). 

t Fsather and Mlmmo, ‘ Proo. Ckmb. PUL Soo.,’ vol. 24, p. 138 (1828). 
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than this. CnrvM 1 to IV may then suggest the manner in which the bric^tneas 
of a track image depends upon ^e distance from the end of the track in the 
different oases. Without undue error these same curves may be assumed 
apjdioable to the recoil tracks of hydrogen, helium, and carbon* atoms in the 
aoetylene-hehum mixture employed m the present experiments. This, then, 
provides the desired criterion. 

The examples reproduced, at a common magnifioation,t m Plate 6, qmte 
definitely support this conclusion. Numbers 2 and 3 are from the oxygen- 



Fm. S. 

hydrogen series of photographs and represent tzacks of lengths 2*97 and fi‘26 
mm. of air, respectively. Only curve I, fig. 5, can apply to these and the length 
of number 3 and the large deflection ot number 2 provide additional reasons 
why both must be recoil tracks of hydrogen nndei. The remaining examjdes 
of Plate 6 refer to the aoefylene-helium series; hydrogen, hebum, and carbon 
recoil atoms are thus involved. Number 1 is almost certainly the track of a 

* If the mofs-velooity curve for osrboa atoms is more aoonrately given hjr Bladcett’a 
rebtkm, then curve m must be replaced by a curve of the same form as IV, flg. S.. 
t X t'S, in terms cf standard air. 
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•wift proton having its or^n m the gas On aooonnt of the oharaoterutio 
diffetenoe in the linear diatiibution of brightneas (curves I and II, fig. 6), 
numbers 4 and 6 (reduced air lengths 12*14 and 9-00 mm , respectively) are 
hero ascribed to protons and numbers 6 and 7, though equally long* (11*33 
and 12*04 mm.), to a-partaoles. Now the maximum range of hehum nuclei 
projected by neutrons of 4*1.10* electron volts energy is 16*3 mm., so that 
a-partiole tracks of this length are to be expected Sumlarly numbers 8, 9, 
and 10 (7*23, 3*49, and 4*90 mm., respectively) show the a-particle mtensity 
distnbution, moreover, each has a sudden deflection which can only have been 
due to a nuclear encounter with a heavier atom. The possibihty of ascribing 
number 9 to a recoil atom of carbon is thus excluded. It is behoved, however, 
that this classification is correct for numbers 11, 12,13, and very probably for 
number 14 also Beduced air ranges are as follow number 12, 3*39 mm., 
number 13, 2*30 mm , number 14, 4*16 mm. If number 11 provides an 
example of elastic ooUimon between similar atoms, as appears probable, then 
a carbon-carbon collision is much the most likely event, and the origm of this 
recoil track is fixed. The distributiont of brightness is very similar m the 
other three, 12, 13, and 14, and the common ongm already assumed is m no 
way questioned. Fmally, m a number of photographs, m addition to those here 
reproduced (numbers 12 and 14), these characteristics have likewise been found 
for tracks of reduced length greater than 2*6 mm. and lees than about 6 mm. 
of air. This, then, is the extent of the direct evidence, from the recoil tracks 
observed m these expenments, for neutrons of high energy (about W dedatm 
volts) fimm beryllium bombarded by the a-partioles of polomum. 

DttitUtgration CoUwtoiw.—The eight examples of dismtegration found with 
nearly pure oxygen in the chamber have already been bnefly reported % lii 
three examples the length of the recoil track was very small and m a fourth 
the initial direction was difficult to determme with accuracy, so that for all 
tiiese the plane of the visible fork was somewhat indefimte. Yet, considering 
the lesolts as a whole, there appeared no reason to assume other than capture 
disintegration to be tahiiig place. This was almost to be expected, smoe the 
most jHTobable non-capture process—that which would result in carbon of 
mass 12 and an a-partiole—^requires that at least 6*4.10* electron volts energy 
be supplied. 

* The fbiMhcrteiilng on Plate 9,26%, ooours with nnmbar 4. 

I AMuming tinlftir m aonditiooe the abiolate brij^tne— of a well-dereloped oarbon reooil 
tiaok should bo much greater than that of the other traoki obeerved, but oondlthns are 
not soflaiaBtly aaifimi in praotkie to make this eriterion at all trustworthy. 

X ‘ Kature,’ vd. 180, p. 9S7 (1982). 
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Thi* dedaioik, in hvoat of oeptan diaintegratioD, is atriotij of a qniditative 
nature, depending npon the omdition of ooplanaiily The quantitative leeulte 
given in the former note were calculated on the baau of tiie empiiioal range- 
velocity relation for carbon* recoil atoms. To an accuracy of 0*4% the product 
has tihe same value for the nuclei N^* and C**. The experimental range- 
velocity curve for nitrogen recoil atoms was thus used without modifioatum 
Now the formula of Blackett is mtended to take account both of change of 
mass and of nuclear charge. There can be little doubt that the efieot of tlie 
second factor is the mote difiSoult to express amply. As far as oonoems tlie 
footmer, ample medimiioai principles lead to a rate of loss of energy independent 
of the mass (large compared with tiie eleotsonio mass), and so to a range 
directly proportional to the mass, for a given value of the velocity. If the 
range-velocity curve for the recoil atoms is known, that for the atoms C" 
can, therefore, be confidently deduced 

More recently the oxygen disintegrations have been recalculated on the 
basis of the approximate range-vdooity curve for C" recoil atoms obtamed by 
the writer.f Comparison of the new results with the old m the matter of 
mtemal oonsistency may pooubly indicate how far the meagre data for the 
range-velooity curve are to be trusted; it will certainly show what extreme 
caution is necessary m drawing oonclaaons from numexioal results when there 
is still some doubt concerning the auxiliary data employed in the caloulatioos. 
The aocutacy of the measurements themselves is first in qnestimi. Here we 
shsll be concerned entirely with the more satisfootory collisions, numbers 1 
to 4 of the original table. Two independent sets of measuiemento were made 
on number 4. The results were as follow^: length of track of dew nucleus, 
2-96 (S‘02) mm., of disintegtataon particle, 7*78 (7*68) mm. of standard an. 
ft», 133*0» (131*4®); y, 1*2® (5*0®); 0, 26*8® (24*9®); 107*6® (106*7®), 

A, 9*6® (9*6®). Critenon of accuracy of measuxement. cs (oalonlated), 
183*3® (131*1®)—in sufSoieatly good accord with u (observed). The xesnlts 
of the seoond set cf measuxements are shown in Inaokets throughout. It will 
be seen that the agreement is quite satisfimtory. In Table 1, for numbers l,§ 
2 and 4, are given in column 1 the measured values of 6, m columns II and V 

* tDie nuolew reaotion O** -f- 1 »' -»If* + H* being endotbennio, with energy sbsotptiam 
of about 10* eleotioa volte, the reaotion 0** + if -*> CP* -h Ue* was regarded as the mon 
pnbabte, and oakalatioas were made on that basis, 
t ‘ Proo. Roy. Boo,,’ A. vol. 141, p, 104 (1088). 
t IW the OgaWeanne of the various symbols see Part I. pp. 714, 710. 
f Reptodmied as nombsr 16, Plate 7, also on pievioas oooastoas, by Chadwlok, 
Brit J. Badiolc«y,> toL «, p. 04 (1088). 
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the kmetio energy* of the neutron reeponaiblo for the disintegration, calculated 
from the resultant momentum of the two final parUolee on the basis of the 
old and the new range-velocity carves, respectively, m columns III and VI 
the energy absorbed in the dismtegration process, following these alternative 
calculations, and in oolumns IV and VII the oorresponding valuer of 6', the 
angle between the direction of the resultant momentum and the direction of 
motion of the recoil nudeus Any disintegration may be regarded as satis¬ 
factorily ezplamed when 0 and 6' differ by less than the quantity A (column 
VIII), the angle subtended at the pomt of inelastic collision by half the diameter 
of the neutron source For numbers 1 and 2 there is better agreement when 
the old range-velocity curve is employed, for number 4 the now curve gives 
the greater consistency 

Table I. 


No. 

1(B) 

IKE,) 1 

im(W,) 

1 IV (S',) 1 

V(E,) 

VI (W.) 

VU(6',) 

vm(j) 

1 

37 7 

1 

i 4 

32 6 ' 

9 $ ^ 

t 6 

28 8 , 

7 2 

3 

M 6 

7 0 

4 3 

62 6 

9 6 

6 ^ 

4R 3 1 

13 7 

4 

as-4 


5 4 

37 2 1 

12 2 

R .3 

2R 1 ! 

_J 

0 If 


A curve lying roughly mid-way between these two is found to give satisfiactory 
agreement in all threef cases, it will be convement to employ this mean curve 
until more accurate data are available. Yet to adopt even so slight a modifica¬ 
tion m the auxiliary data is to change accepted energy values by as much as 
2.10* dectron volts m some cases. The general trend is an increase m the 
calculated kmetic energy of the neutron, with frequently a roughly equal 
increase m the amoimt of energy found to be absorbed in the transformation 
process It is this latter aspect of the results which calls for some comment 
There is almost an exact balance of mass m the nuclear reaction 

Oi*-f ai-^CW-f-He*. 

If the present condnsions ate correct, therefore, we must assume the emission 
of a quantum of high energy Y*nu]iataon m each of the disintegrations so far 

* Energy values in millinns of eleotcon voHs 

t Emmphi number 3 of the original table has not been inoludsd m Table 1 since the 
recoil track U very short (~0'6 nun.), so that calculated valuee depsod chiefly on the 
length and diieotKU the track of the disi n teg r ati o n particle. 
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obeerved IBQtlietto the onlj other dismtegratioa of an oxygen nudens reported 
in the literature is one* m which a neutitm of 8'8.10* electron volts energy 
was effective and 0*9.10* electron volts of energy was absorbed. These 
values, presumably, were calculated on the basis of the empirical range- 
velocity relaticm generally employed, so that the energy of the quantum has 
been somewhat underestimated. 

Now experiment appears to show that the emission of energy in the form of 
radiation is a feature common to the different types of capture disintegration 
of light nuclei. If this radiation is always emitted (from the residual nucleus) 
after the particle dismtcgration has taken place, and if the state of excitation 
of the emitting nucleus depends only upon the structure of that nucleus and 
the amount of energy available, then the same Y-radiation should be observed 
whenever tiie final complex nucleus is the same,! provided the initial energy 
18 sufficient. Subject to this condition, therefore, if our assumptions are 
correct, the same Y-iadiation is to be expected as a result of the a-particle 
dismtegration of boron (B^* affected, proton emitted), or the neutron disintegra¬ 
tion of oxygen (a-partKsle enrutted), or the neutron disintegration of mtrogen 
(if the mode m which H* is emitted does, m fact, occur), or the disintegration of 
the carbon nucleus C** by capture of the less abundant hydrogen nucleus H*.{ 
Actually, the amount of energy available is very different in these four dis¬ 
integrations, so that m some of them a portion only of the complete 
spectrum may appear Concemmg the third and fourth of these types of 
dismtegration no data are at present available , for the first direct evidence so 
far IS m favour of a smgle monochromatic Y-^iAtion.§ Moreover, the 
existence of the corresponding protim groups is a well-established faot.|| In 
order to explam these observations ail excited state of the nuoleus with 
8*0.10* eleotron volts excess energy is postulated. Now, if the present 
results be broadly correct, higher excited states must equally be possible, and 
in that event, when the initial energy is sufiioient, they should appear m ^ 
boron disintegration also. When a-particles of higher energy are employed, 
m addition to proton groups corresponding to the two already observed, other 

• MmUmt ud Hiilipp. ‘ Naturwiw..’ w>l. SO. p. 9S0 (10S2) 

t If the quantum u emitted first the interrelatioos here pcedioted would not be expected 
to hold, ibr it is hardly to be imsglaed that dfffenat particle ohsagee would fblloir a eommem 

) Lawrence, livingiton, and Lewie, ‘ Pfaye. Rev.,’ vol. M, p. M (19SS ); Lawremm, 
Scfeoce.’ June SO, 1083 (' SciMoe News 

} Beeher sad Btohs, ‘Z. Fhyrik,* vol. 7^ p.421 (1B22). 

II B 4 L.Cliadwiok, OcortaUe. aad Fbllard, ‘ Ftoo. Boy. Soo.,’ A. voL ISO. p. 46S (lOSl). 
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and shorter-raiige group* riiould be found.* The ability to sustam a hig h 
energ 7 excited state, even for a short tune, u an important property of any 
nodeu, driving, as it must, from tiie nature of its intimate structure. To 
obtain further and more trustworthy evidence ooncemmg the reality of these 
states IS therefore essential. 

In the experiments oarried out with the oxygen-hydrogen mixture m the 
chamber only two additional examples of diamtegration were recorded, numbers 
18 and 19, Plate 7 Of these only the former was completely m view of both 
cameras, and even here the diamtegration particle was not fully absorbed 
in the chamber However, it is fairly certain from the measurements that a 
neutron of about 8 10* electron volts energy was captured and that roughly 
3.10* electron volts of kinetic energy faded to reappear m the products of 
dismtegration. In this calculation the “ mean ” range-velocity curve adopted 
above was employed , in the matter of consistency the new curve gave more 
satisfaotoiy results than the old. Ckmcermng the second example, the deflection 
near the end of the track of the dismt^ration particle was recorded on both 
Aims The measured deviation is 23°, the residual range at the point of de- 
fleclaon 2 ■ 7 mm. of standard air. Almost complete &dure to detect any visible 
spur makes it possible to regard the disintegration particle as an H* nucleus 
rathejr than an «-particle. For an a-partiole an oxygen recoil track of length 
0*20 mm of standard air is to be expected, wherea-n for an H* particle the 
predicted length of spur is 0*12 mm. However, the range-velocity curve 
may well be in error for oxygon recod atoms of thm sinall speed, and the two 
examples recently published by the wnterf of a-particlo tracks showing sudden 
deflectsons and negligible spurs make it improbable that the present dis¬ 
integration is difiEerent m type from the others previously discussed. 

In the aoetylene-hebum senes of expenments only three certain disintegra- 
tions were photographed, numbers 20, 21, 22, 23, Plate 7. It is natural to 
assume, in the absence of evidence to the contrary, that three instances of the 
dismtegratiima of the carbon nucleus are here m question. Already one 
example of a reversible nuclear reaction has been established, namely, that 
vduoh IS written 

* BvidMoe pnintiiig to the ooourrenoe of men than one oxoited state of the r e sl dn a 
nuoleus (8i*) femltiiig from the oaptora dhnategratiaa of alnmiiiiDm byfiut a-partkiles has 
noMtty been obtained. The experiments at H a xel (‘ Z. Fhysik,’ voL 83, p. 323 (1938)) 
anggeat a seoond, and thoae of Dunoanson and Hiilnr, carried out in the Cavendiah Labm- 
tecy, a third excited state. 

t * Proo. Roy. Soo.,’ A, vol. 141, p. 194 (1^), Hate 1, numbers 8 and 0. 
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Sunilarly, flinoe the pnoducticm of neutrons bj the bombardment of berylliom 
by K-psrtiolefl involves the fonnataon of the nuoleus —^if the mddent partiole 
is captured, melastio collision between a neutron and a carbon nucleus may 
well result in the reverse reaction taking place. Formally, we should write 

Be9-fa«rrC« + »*‘. 

It was natural to r^rd the three disintegration collisions observed as of this 
type. 

The great dilficulty m making calculations on the basis of the above assump¬ 
tion lies in OUT lack of knowledge of the range-velocity relation for the recoil 
atoms of beryllium Difficulties already encountered appear here m a much 
aggravated form In one case, however, number 23, Plate 7, the numerical 
result was found to be rather insensitive to the exact form of range-velocity 
relation adopted It is probable that a neutron of about 10^ electron volts 
energy was captured and that roughly 7.10* electron volts of kinetic energy 
disappeared m the process. Now it is known that the adverse balance of 
mass, expressed as an energy difference, is about 6-8 10* electron volts* 
in the reaction with which we arc concerned In this instance, therefore, it is 
lumeccsaary to assume the emission of energy m the form of radiation 

Concerning the other two examples it may be said at once that they are not 
of the same type Whatever assumption is made it is obvious m each case 
that a relatively slow neutron was mvolved. In the first, number 20, Plate 7, 
dismtegration of a nitrogen nucleus by a neutron of somewhat less than 4.10* 
electron volts, with the sunultaneous release of about 10* electron volts energy, 
IS one possibility. (The measurements here are a little uncertain, smee one 
camera only had a full view of the complete fork.) In the second case, numbers 
21 and 22, Plate 7, which proved more suitable for measiurement, if capture 
dismtegration of a nitrogen nucleus be again assumed, then the eSeotave 
neutron must have possessed about 4*6.10* electron volts energy, of whioh 
about 1 -6.10* electron volts did not reappear as kinetic energy at the end of 
the process. On the other hand, it was not thought that any disintegtable 
“ impurity ” was present in these experiments, beyond the oxygna m the water 
vapour. However, it seems neoessaiy to oonolude that a slight leakage of air 
had, mfaot, taken place. This ezplanstaon is the more crediblebeoause both 
anomabuB disintegrations oocurred in the first 740 photographs of the senes. 

* NeaURUU of energy lew than about 7 4.10* eleotron volte most therefore be inoapable 
of oansing this partionlar dieintegration. Hie adverM energy balance is a^icozlmately 
twice as great in the disintegration 0** -f- B** -j- H*. 
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A new fllling of the chamber was carried out before the remainmg 1470 photo¬ 
graphs wero taken In these no anomalous disintegrations wore observed. A 
fourth example, probably of disintegration, was, however, found, almost com¬ 
pletely obscured (by the central source box) on one view of the event. It is 
very probable that this was another case of nuclear dismtegration of carbon, 
similar to the first, a 10’ electron volt neutron and a 7 10* electron volt 
absorption of energy being quite consistent with the (incomplete) observa- 
tions. 

The new experimental material having been analysed and discussed it 
remains to make brief reference to the old material concerning the nuclear 
disintegration of mtrogen—and to the interpretation of that material ongiiially 
offered. During the past year the inadequacy of any empmeal range-velocity 
relation of wide validity has been made abundantly clear For that reason 
alone, it must agam be insisted, numerical resnlts must be regarded with 
suspicion. At present no attempt will be made to amend the original results 
in this particular, the determination of range-velocity curves is a matter for 
future experiment~and it is a matter of some urgency. It is intended here 
merely to compare the resulta as they stand with those reported by other 
experimenters. Harkins, Gans, and Newson, and Kune, have described 
dismtegrations m which the eSeotave neutron appeared to be of high energy. 
In the original results of the wnter no such examples appeared. To some 
extent the discrepancy is more apparent than real. Evidence from mtn^^ 
recoil tracks appeared to place an upper limit to the energy of the poloninm- 
beryllinm neutrons m the neighbourhood of 6*4.10* electron volts. This 
evidence has been rediscussed above Now one prmdple of analysis of the 
dismtegration results was that—admittmg certain limits of experimental 
error—^the energy of the neutron necessary to explam the measorements m 
any case should not be greater than the maximum energy indicated by ihe 
recoil track measnrementa (Part I, p 719). It appears that this pnnciple 
erred m being too conservatave, baaed, as it was, upon a limited set of data. 
As a result of its application at least two examples were daasified as non-oiqitaie 
disihtegratioDS when all other conditions for capture appeared to be fkdfilled. 
^Reversing this veidiol, a TnaTiTmim neutron energy of about 12.10* election 
volts appears to be indicated. Just possibly, for other reasims similar to the 
above, there was an undue bias in favour of the non-captnre mterpretstum 
throughout the reaults. It remains for farther experiment to show how serions 
this bias may have been. 

Finally, oonosming the oaptnre diaintagrationa themselves, this remark 



708 


N. Feather. 


tOMj be made. It appears likely, upon forthec oonaidetaticai, titat tbe du- 
integtation 

was, m &ct. observed. This poeubihty was left open m the provions account 
of the work It now appears that thoe is one case at least in which any other 
interpretation is very unlikely. If the present mterpretation be oorreot, then 
a neutron of about 12.10* electron volts must have been captured and 8*6.10* 
electron volts of kinetio energy absorbed This need not be at all improbable, 
for the adverse balance of mass is eqmvalent to about 3*6.10* eleotxon volts 
eneorgy—well within the limits of kinetic energy available. Further experiment 
is obviously needed Only when sufficient disintegration photographs have 
been obtained in which the ends of both tracks are m view of both of the 
cameras will the true position become clear. Then it is possible that the 
distribution-of-brightnesH criterion above developed aill be of use m estab¬ 
lishing doubtful decisions. 

It is unlikely that the multapbcation of instances will be achieved without 
some new phenomenon appeanng. Possibly we may find electron tracks— 
either smgly, or as positive and negative pair8--as8ociated with the tracks of 
the heavy products of disintegration. For, occasionally—^it is not at present 
known how frequently—the quantum of radiation, the emissKm of which it has 
so often been necessary to assume, must suffer mtemal conversion m the atom 
of origin. 

It IB a pleasure again to acknowledge gifts of material as well as opportumties 
for diBOussion, all of which have ooatnbuted to the realization of the work 
here deaonbed. For material and funds I wish to thank Drs. Bumam and 
West and the Council of Trinity CoU^, respeotivdy; and for helpful advice 
Ftofessor Lord Rutherford and Dr. Chadwick. 


.Summary. 

A pcevioni paper gave an account of cloud track photography of the ooBirions 
of nembons with nitrogen nuclei. The same method has now been applied to 
neutcon-oxygen nucleus encounters and further senes of photographs have 
likewise been obtained of the tracks produced in oxygm-hydrogen and acetylene* 
heUam gas mixtures, respectively. Range distribntion curves are given for 
the rin^ recoil tracks resulting from elastb collisions and an attempt is made 
bo analyes the curves lefemng to fhe mixtores of gases. Bvidenoe is adduced 



Collistons of NetUrons. 


709 


for the presence of recoil protons due to neutrons produced m the resonance 
disintegration of beryllium and also for carbon recoil atoms due to neutrons of 
high energy A criterion based upon the distribution of photographic density 
in the track image is suggested for the purpose of identifying rwoil tracks 
produced by different atoms 

Disintegration collisions in oxygen have been observed, but it appears that 
carbon nuclei are not readily disintegrated by the neutrons from polonium- 
berylhum Only one such disintegration was found in more than 2000 photo¬ 
graphs 

Finally it is insisted that present knowledge of range-velocity relations for 
recoil atoms is quite inadequate for a full numerical investigation of the energy 
changes in the disintegrations observed. Further data are urgently nccdcil 
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